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ABSTRACT 
 Iron (Fe) is an essential nutrient for life. However its low solubility in the 
seawater limits primary productivity in many regions of the world’s oceans. Dissolved 
phase Fe (<0.4µm) has traditionally been considered the most biologically accessible 
form, but, recent studies suggest the particulate phase (>0.4µm) may contain an 
important, labile reservoir of Fe that may also be available to phytoplankton. Although 
valuable, Fe concentrations of particles alone do not provide complete evidence about the 
sources of particulate Fe to the ocean, or the extent particulate iron may be accessed by 
phytoplankton. Fe isotopes may help to reveal the biogeochemical cycling of particulate 
Fe.	  This study aims to develop a chemical leaching technique that accesses the labile 
reservoir of particulate Fe and the isotope signatures associated with this reservoir.  A 
comparative study of thirty-six different chemical leaches was performed on a marine 
sediment reference material, MESS-3 and sediment trap samples from the Cariaco Basin, 
Venezuela. The combinations included three different acids (25% acetic acid, 0.01M 
HCl, and 0.5M HCl), various redox conditions (0.02M hydroxylamine hydrochloride or 
untreated), three temperatures (25°C, 60°C, 90°C), and three time points (10 minutes, 2 
hours, 24 hours). Leached Fe concentrations were determined by high-resolution 
inductively coupled plasma-mass spectrometery (ICP-MS) and varied from 1mg/g to 
35mg/g, with longer treatment times, stronger acids, and hotter temperatures generally 
associated with an increase in leached Fe. δ56Fe in these leachates were determined by 
vi	  
Neptune, mulit-collector ICP-MS and varied from -1.3 ‰ to +0.2 ‰. Regardless of 
acidic leaching method used, there was a very similar relationship between the amount of 
Fe leached from the particles and the δ56Fe of this iron. Isotopically lighter δ56Fe values 
were associated with smaller amounts of leached Fe whereas isotopically heavier δ56Fe 
values were associated with larger amounts of leached Fe. However, a leach of 0.1M 
oxalate-0.05M EDTA at pH 8 did not show this relationship. Therefore the oxalate-
EDTA leach was determined to be the leach best suited to extract the labile fraction of 
particulate Fe and the iron isotope signatures associated with this fraction.  This leach 
was applied to three stations (the coast of Bermuda, over the TAG hydrothermal plume, 
and the coast of Maurtiania) along the US GEOTRACES North Atlantic transect. Labile 
iron in these profiles was found to be isotopically light in comparison to crustal values 
and remained relatively light throughout the water column. Labile particulate iron 
concentrations increased near the coast of Mauritania and even lighter δ56Fe values of 
these particles are associated with reductive dissolution from the continental shelf and at 
depth from the nephloid layer off Mauritania
vii	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1. Introduction 
1.1 The global importance of Fe 
Iron (Fe) is an essential micronutrient for nearly all organisms. As an understanding 
of climate change becomes more critical, the role of oceans as a CO2 sink becomes an 
important area of study. Phytoplankton account for nearly 1% of the global biomass and 
provide nearly 50% of the Earth’s oxygen (Bidle and Falkowski 2004). However, in 
many regions in the world oceans, phytoplankton growth is not limited by major nutrients 
such as P and N, but is instead, controlled by the availability and solubility of Fe. (e.g. 
Martin et al., 1994). These areas, known as High-Nutrient-Low-Chlorophyll (HNLC) 
regions, cover nearly 20% of the world’s ocean and include the equatorial Pacific, 
subarctic Pacific Ocean, and the Southern Ocean.  Solubility of Fe is scant at the pH and 
O2 concentration of seawater and dissolved Fe presents in trace amounts (0.1-1nM) in 
most of the open ocean.  However, particulate matter containing high levels of Fe is 
abundant in many ocean regions. (Collier and Edmond 1984; Sherrell and Boyle, 1992).  
Many researchers agree that atmospheric dust deposition as well as particulate matter flux 
from continental margins may all be important sources of Fe to the ocean (Fan, Moxim, 
and Levy 2006). Addressing to the extent to which trace metals in particulate matter may 
be exchangeable with the dissolved phase, and be made bioavailable has been of 
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continued and increasing concern to researchers in areas of oceanographic, terrestrial, and 
aerosol particulate biogeochemistry 
1.2 Particle leaching techniques 
Chemical leaching techniques, which aim to extract operationally defined 
fractions from particles, have been under investigation for over five decades. (Jackson, 
M.L., 1958; Chester and Hughes, 1976, Gupta, 1975).  Researchers have studied a wide 
variety of leaching techniques ranging from total particulate dissolution, to sequential 
extractions, to single step extractions. Sequential extractions can be an attractive 
alternative to the total digestion of the particle, because measuring total concentrations of 
an analyte within the particle implies that the whole of the particle is available to interact 
and exchange with its environment, which is not typically true of natural particles 
(Tessier et al, 1979).  Most natural particles are not homogeneous, and the concentrations 
of analytes within different geochemical phases may be different. Therefore, sequential 
extraction techniques have been widely pursued to investigate the partitioning of particles 
and the trace metals associated with different phases within the particles. Sequential 
extractions are valuable in understanding the chemical makeup of selected particles and 
using different leaches in a step-after-step manner allows researchers to make inferences 
as to which fraction or phase of the particle is available to react with the environment as 
is dissolves.  For Example, Tessier et al, 1979 investigated a sequential extraction aimed 
to selectively partition particles into five distinct fractions: “Exchangeable,” “Bound to 
Carbonates,” Bound to Iron and Manganese Oxides,” “Bound to Organic Matter,” and 
“Residual.” In this study, the exchangeable fraction consisted of clays, hydrated oxides of 
iron and manganese, and humic acids. Previous studies (Chester and Hughes, 1976) had 
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shown that these major constituents were readily involved with sorption-desorption 
processes, which could potentially affect solvent chemistry. The exchangeable metal 
fraction of the particles was selectively leached by co-precipitaion with 1M MgCl2 at pH 
7 for 1 hour with constant agitation. The next step in the extraction consisted of treating 
the previously leached sample, which was now free of the exchangeable fraction of 
metals, with 1M sodium acetate adjusted to pH 5 with acetic acid at room temperature 
with agitation for five hours. This extraction was effective in dissolving carbonates as 
suggested by dolomite X-ray diffraction.  The residue of the “Carbonate Bound” step was 
then treated again to free iron and manganese bound in oxides. This next step involved 
leaching the residue with 0.04M hydroxylamine hydrochloride and 25% acetic acid for 6 
hours at 96°C with occasional agitation, in order to reduce iron and manganese to their 
more soluble species, and to prevent the large amounts of metals that were extracted from 
precipitating out of solution. Sodium dithionite-citrate was also investigated for this step, 
however trace metal concentrations were consistently lower in this leachate. After the 
particulate Fe and Mn oxides had been dissolved, the remaining portion of the particle 
was leached yet again to free trace metals bound to organic matter. This leach consisted 
of 0.02M HNO3 with 20% H2O2 adjusted to pH 2 with HNO3 heated to 85°C for 2 hours 
with occasional agitation. This treatment was repeated and heated for 3 hours with 
intermittent agitation. Following the second treatment, 20% ammonium acetate was 
added to prevent adsorption of metals onto the now oxidized sediment. Finally, the 
residue from the previous step was digested with a 5:1 mixture of hydrofluoric and 
perchloric acids.  
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  The results of this study, and others performing sequential extractions (e.g 
Leleyter et al, 1999) are a valuable learning tool to investigate the different geochemical 
fractions of particles and to infer as to which fractions may become available to exchange 
with surroundings under various environmental conditions. Tessier’s 1979 study alone 
has been cited more than 6,400 times, and it stresses the value of allowing researches to 
make connections between the way in which geochemical fractions of a particle dissolve, 
and the ability of that fraction’s constituents to influence the environment.  
   For natural environments that are not exposed to extreme conditions, the 
refractory particulate phases, such as those, which are only leached with hydrofluoric 
acid, will not exchange with the surrounding environment (e.g. seawater). Additionally, 
sequential extraction methods are extremely labor intensive, timely, and costly. These 
methods are excessive if the researcher is only interested in the exchangeable fraction of 
the particles, and thus single extraction techniques may be a superior choice.  Chester and 
Hughes (1967) simplified Tessier’s sequential leaching method by aiming to only 
dissolve those phases containing “ferro-manganese nodules,” “carbonate minerals 
(excluding dolomite)” and those metals that had adsorbed onto the mineral surface. The 
Chester and Hughes single step leaching procedure, similar to that of Tessier’s step for 
dissolving carbonates, includes 25% acetic acid with 1M hydroxylamine hydrochloride 
for four hours at room temperature.  Many variations of this method have been used 
including different leaching times, temperatures, and redox conditions. Berger et al 
(2007) conducted a comparative study of four common variations of the Chester and 
Hughes leach. Each variation was carried out for two hours and treatments were as 
follows: 25% acetic acid at room temperature, 25% acetic acid heated to 90-95°C for 0.5 
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hours then cooled to 60°C for the remaining treatment time, 25% acetic acid also heated 
at 90-95°C for 0.5 hours and then cooled but with 0.02M hydroxylamine hydrochloride 
added to the leach, and finally a fourth variation with 25% acetic acid and 0.02 
hydroxylamine hydrochloride but only heated to 90-95°C for 10 minutes, and then 
allowed to cool to 30°C for the remainder of the treatment time. The study was conducted 
using a homogenized coastal suspended particulate material, as well as homogenized 
river samples.  In both sample types, the addition of heat increased the leachable 
concentration of Fe. The authors did not attribute this increase to leaching of the 
refractory phase but rather noted that the addition of even a short heating step of 90-95°C 
was essential to accessing metals found in intracellular proteins that are associated with 
phytoplankton. Hurst and Bruland (2007) reported significant partitioning of 57Fe spike 
into the biogenic phase of particles during a growout experiment conducted in the Bering 
Sea and concluded that the biogenic portion of particles may be available to 
phytoplankton by exchange with the dissolved phase and should be included to measure 
labile particulate Fe. The addition of a reductant is also believed (Chester and Hughes, 
1967) to access biogenic material and it this was reflected by the addition of 0.02M 
hydroxylamine hydrochloride to further increase the leached Fe concentration in both the 
coastal and riverine samples. Using aluminum/iron ratios of leachate, the authors noted 
that the longer heating step (0.5hrs) accessed some portion of the refractory phase, and 
therefore concluded that extending heating was undesirable when trying to access the 
labile phase alone. The result of the comparison study was that a leach of 25% acetic acid 
with the addition of a mild reductant (0.02 hydroxylamine hydrochloride) heated to 90-
95°C for 10 minutes and then allowed to cool to room temperature for 1.9 hours was the 
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optimum leach to access trace metals associated with biogenic material, iron and 
manganese oxyhydroxides and metals that had adsorbed to the surface of the alumino-
silicate clay minerals, which they assumed would be a good representation of the phases 
available to phytoplankton on the time frame of generations to days (Hurst and Bruland 
2007). 
 
1.3 Particle leaching techniques for isotopic analysis 
While leaching techniques quantifying labile particulate iron provide valuable 
knowledge about elemental concentrations and geochemical phases, they leave 
information found in the Fe isotopes omitted. Recent advancements in technology and 
methodology have made the isotopic analysis of heavy stable isotopes, such as iron, 
possible in low concentrations and in complex matrices such as seawater (John and 
Adkins 2010; de Jong et al. 2007; Lacan et al. 2010). Iron isotopes are commonly 
described using the d notation where the iron isotope fractionation is compared to the 
international iron isotope standard, IRMM-014 and is defined as: 
 
δ56Fe (‰) = 
!"!" !"!" !"#$%&!"!" !"!" !"##!!"# − 1   ×  10! 
 
Iron has two species found in nature: the more thermodynamically favored, yet insoluble 
in seawater Fe(III), and Fe(II) that is soluble in seawater, but is quickly oxidized to 
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Fe(III) and scavenged out of solution in oxygenated environments. This redox chemistry 
is known to greatly fractionate Fe isotopes by leaving reduced, Fe (II) isotopically light 
and Fe(III) isotopically heavy by approximately +3‰ .(Johnson, Beard, and Roden 
2008). This isotopic fractionation has been very recently exploited to fingerprint at least 
three different sources of dissolved iron to the ocean, aerosol dust, reducing continental-
margin sediments, and hydrothermal vents (Johnson, Beard, and Roden 2008; Lam and 
Bishop 2008; Crosby et al. 2007; John and Adkins 2012). Aerosol δ56Fe measurements 
by Beard et al. 2003, have suggested a dust or crustal input ranging from -0.03‰ to 
0.24‰. In contrast, porewater and sediment fluxes ranging from -3.31‰ to -1.73‰ 
suggest anoxic or microbial reduction input (Severmann et al. 2006; Severmann et al. 
2010; Homoky et al. 2009; John and Adkins 2012). Hydrothermal fluid sources have 
been found to have a δ56Fe signature of -0.65‰ to -0.12‰ ± 0.06‰.(Sharma, Polizzotto, 
and Anbar 2001; Beard et al. 2003; Rouxel et al. 2008).  
 Dissolved phase iron is known to interact and exchange with the particulate phase 
by adsorption and desorption as well as dissolution and precipitation  (de Baar, H.J.W., 
de Jong, J.T.M., 2001; ) and the portion of Fe that is available for phytoplankton 
represents a balance between the two dissolved and particulate phases. In addition to the 
redox driven isotope fractionations found in the dissolved phase, the particulate phase 
may also experience fractionations during these sorption processes, as well as 
biologically driven mechanisms such as complexation with siderophores (Dideriksen, 
Baker, and Stipp 2008), biological uptake (Guelke and Von Blanckenburg, 2007), and 
ligand promoted dissolution (Kiczka et al. 2010). However, a major challenge in 
measuring particulate phase δ56Fe is being able to find a leach which access the relevant 
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geochemical phases of the particle. Very few attempts have been made to make such 
measurements, and even fewer in natural, marine systems. Severmann et al. (2006) 
reported the first labile marine particulate iron isotope data from a site at Monterey 
Canyon off of the California continental margin and from the Santa Barbara Basin also 
along coastal California. Frozen wet sediment particulate samples were leached for labile 
Fe (FeHCl) with cold 0.5M HCl for 1 hour. The authors cite that this leaching procedure 
extracts amorphous Fe(III)-oxides, FeS, non-S particulate Fe(II), and some silicate iron 
but not crystalline Fe (Kostka and Luther, 1994). However, it should be noted that the 
authors do not address accessing a biogenic portion of the particulate phase as 
recommended by Berger et al., 2007, as reflected by the use of cold HCl and a weaker 
(<1M) HCl leach (Castruita et al., 2006; Agemian and Chau, 1976; Turner and Olsen, 
2000).  Fe(II)aq concentrations were measured by adding Ferrozine (0.02M ferrozine in 
50mM HEPEs buffer, pH7) and Fepyrite was determined using the sequential extraction 
technique of Huerta-Diaz and Morse (1990) and then dissolved in concentrated HNO3 for 
over two hours. The residual, Fetot, portion of the particles were heated at 850°C for six 
hours, followed by a total digestion with HF and HNO3. The authors also note that 
reported δ56Fe values are not an artifact of leaching, as partial dissolution of solid phase 
by HCl, HNO3, and HF do not fractionate isotopes if all phases dissolve congruently 
(Beard et al. 2003).  Fetot δ56Fe values are reported to be similar between the two sample 
sites and average 0.0‰ which match crustal values as reported by (Beard et al. 2003). 
The δ56Fe values of the highly reactive (FeHR) fraction of particles was determined to be: 
δ56Fe = δ56Fefe(II)aq x XFe(II)aq + δ56FeHCl x XHCl + δ56Fepy x Xpyrite 
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Where X denotes the molar fraction of each component of the particle. The average FeHR 
for both stations is reported to be -0.40‰ ± 0.13‰ and notably lower than average 
δ56Fetot. The authors conclude that the isotopic compositions of the FeHR cannot be 
explained with simple mineral precipitation under standard equilibrium conditions as 
predicted by Polyakov and Mineev (2000) and Schauble et al (2001) but do note that the 
results demonstrate there are large Fe isotope fractionations within sediments. De Jong et 
al. (2007) reported δ56Fe for marine particulate samples of the North Sea, but used a total 
digest leaching procedure of 14M HNO3, 30% H2O2, and 24M HF for 1–2 h at room 
temperature, during which samples were ultrasonicated and then treated again with 24M 
HF for 24 hours before analysis. Particulate δ56Fe from this study are reported to be -
0.3‰ to +0.4‰ ± 0.14‰.  
 Escoube et al (2009) reported estuarine particulate δ56Fe for samples treated with 
7N HNO3 overnight, at 80°C followed by a second dissolution of concentrated HF and 
concentrated HCl to be -0.09‰ – 1.0‰. And finally, more recently, Radic, Lacan, and 
Murray (2011) reported particulate iron isotope data from two sites along the equatorial 
Pacific Ocean during the EUCFe cruise in 2006.  These particulate samples were treated 
in two steps of 90 minutes at 130°C: the first in an aqua regia solution of 6M HCL and 
14M HNO3 and the second of the same aqua regia ratio mixture with the addition of 23M 
HF. δ56Fe values reported for particulates from both sites range from -0.02‰ to +0.45‰ 
± 0.08‰. 
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1.4 Isotopic fractionation during leaching  
The paucity of iron isotope data for particulates of marine systems is 
complemented by the lack of studies where the goal of the leaching processes is to access 
some labile or bioavailable form of the particulate phase Severmann et al., (2006) cited 
Beard and Johnson (2004) that isotope fractionation does not occur during leaching with 
the caveat that all phases are accessed congruently. However, before such a leach can be 
employed, it is important to ensure that the leach is congruent and that the leach itself 
does not fractionate isotopes. There have been at least two studies to examine the 
potential isotopic affects of leaching different samples with different reagents. 
Wiederhold et al. (2006) examined Fe isotope fractionations associated with proton 
promoted, ligand-controlled, and reductive dissolution of goethite and found that isotope 
fractionation does indeed occur under various leaching conditions. The study examined 
ligand controlled dissolution by leaching goethite with 5mM oxalic acid in the dark. In 
the dark, oxalic acid dissolves goethite by a ligand-controlled mechanism and releases 
Fe(III)-oxalate complexes into solution (Zinder et al., 1986). In light, however, oxalate 
dissolves goethite via a photochemical reductive mechanism producing Fe(II) from 
mineral Fe(III) (Sulzberger and Laubscher 1995). The reductive dissolution was 
performed with 1mM oxalate leach irradiated by a solar simulator. Finally, proton-
promoted dissolution was performed with 0.5M HCl. All leaching procedures were 
agitated with a shaker and leachate was tested at predefined time steps between five 
minutes and 315 days. The remaining goethite material from each dissolution was 
digested with 6MHCl and measured for bulk sample isotopic homogeneity. The study 
reports that proton dissolution by HCl did not fractionate Fe isotopes during the course of 
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the study. However, both experiments with oxalic acid, ligand-controlled, and reductive 
dissolution did significantly fractionate Fe isotopes. These dissolution processes were 
broken down into early and late stage dissolution to account for the fact that as the 
reactions approached chemical equilibrium the isotope fractionation diminishes and 
gradually increases toward the isotopic composition of the bulk goethite of 0‰. The early 
stage dissolutions produced fractionations of Δ56Fe  (d56FeIRMM-d56bulkgoethite) of -1.2‰ and 
-1.7‰ for ligand-controlled and reductive dissolution, respectively. The results of both 
stages were modeled and the authors attributed the rapid early release of isotopically light 
Fe to a kinetic isotope effect and the depletion in light isotopes to a δ56Fe of ~0‰ during 
the late stages as an equilibrium isotope effect. Conversely, Chapman et al. (2009) 
leached biotite granite and tholeiite-basalt with 0.5M HCl and 5mM oxalic acid solutions 
over a period of seven days and found significant Fe isotope fractionations with both 
reagents. The authors report early dissolution of all experiments to be enriched in light Fe 
isotopes by as much as Δ56Fesolution–rock = -1.80‰ in the granite-hydrochloric acid system. 
They also find that isotope fractionation is greater with the HCl leach compared to the 
oxalate acid leach. The authors modeled these findings with a mixing effect of two 
distinct pools with different δ56Fe values. Dissolution with oxalate was hypothesized to 
be dominated by precipitation and adsorption back onto mineral surface, driven by an 
increase in pH throughout the experiment, and these sorption processes were thought to 
account for the decreased fractionation seen in the oxalate leaching systems as compared 
to the hydrochloric systems. Similarly, Kiczka et al. (2010) studied these effects with 
biotite and chlorite enriched mineral fractions from granite. They found early dissolution 
of all solutions to be enriched in light Fe isotopes up to -1.4‰ in comparison to bulk 
	  	  12 
rock. These results were again modeled and the authors attributed the evolution of 
fractionations to a linear combination of kinetic isotope effects followed by equilibrium 
effects. It should be noted, however, that studies conducted by Kiczka et al. (2010) and 
Chapman et al. (2009) did not specify that the oxalate leach was carried out in the dark, 
leaving the reader to guess whether the dissolution could have, perhaps, been reductive 
and not ligand-controlled dissolution (Sulzberger and Laubscher 1995). 
 
1.5 Project motivation 
As it becomes more evident that iron isotope analysis may be key in further 
understanding the marine biogeochemical cycle, it also becomes clear that the 
interactions between the iron sinks and sources need to be better studied.  Analysis of 
dissolved phase iron has made tremendous progress and researchers are now beginning to 
fingerprint specific sources of dissolved iron to the oceans. Similarly, iron isotope 
analysis of marine particulates may be used to fingerprint particle sources to the ocean, 
particulate-dissolved phase interactions, and to help define the labile fraction of 
particulate Fe. This study aims to develop a chemical leaching technique that accesses 
labile particulate Fe, and to measure the isotope signatures associated with this iron. We 
investigated 36 different leaching techniques, including single-step acid extractions of 
0.5M HCl, 0.01M HCl, 25% acetic acid + hydroxylamine hydrchloride, and a pH8 oxalic 
acid with EDTA solution, under various redox conditions, temperatures, and times. Each 
technique was applied to two natural samples in duplicate. Samples included a marine 
environment sediment standard, MESS-3 and sediment trap samples collected at 275m 
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from the Cariaco Basin, Venezuela. An optimal leaching technique was chosen to extract 
the operationally defined labile particulate fraction without fractionating Fe isotopes 
during leaching. This technique was applied to three vertical profiles across the north 
Atlantic GEOTRACES transect (Figure 2.1) and their results are discussed.  With this 
approach, we obtain insight into the magnitude of labile iron leached during these 
techniques and the consequent fractionation of iron isotopes induced during the leaching 
process. 
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2. Materials and reagents: 
2.1 Standard and reagent preparation 
Marine Environment Sediment Standard (MESS-3) collected from oxic Beaufort 
Sea sediments was purchased from the National Research Council. It is certified 4.34% 
Fe by weight. MESS is provided as a dry, light, dust and clay-like material that is easily 
lost due to static interactions with equipment during handling and weighing. Therefore, 
MESS was mixed with trace-metal clean, chelexed artificial seawater in a ration of 67% 
dust by weight. Sediment trap samples from oxic Cariaco Basin sediment traps were 
collected at 275m during winter (3/14/97) as part of the cooperative Carbon Retention in 
a Colored Ocean (CARIACO) program (Thunell et al. 2013). Sediment trap samples were 
found to constitute 1.26% Fe by weight (Martinez et al. 2007). 
All labware was acid cleaned for not less than 5 days in 10% HCl and rinsed with 
ultrapure H2O (>18MΩ) prior to use (UPW). Teflon vials were precleaned with 
concentrated HNO3 and cleaned with 0.1% HN03 with heat and rinsed with UPW 
between uses. All reagents were tracemetal clean quality prepared with UPW. The 
oxalate-EDTA solution was prepared and cleaned by methods described by Tovar-
Sanchez et al. 2003. However,  the salts of seawater were not added for simplification of 
isotope analysis. Briefly, any contaminating Fe in the oxalate-EDTA solution is reduced 
using hydroxylamine hydrochloride, and is reacted with perchlorate and 1,10-
phenanthroline to bind the now reduced Fe(II). Dichloro-ether is then used to extract the 
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Fe(II) complex Fe-clean oxalate-EDTA is left. The oxalate solution begins to lose Fe 
binding efficacy after 90 days (Tovar-Sanchez, 2003) and thus new solutions were 
prepared regularly. The oxalate-EDTA leach still retained a significant Fe blank even 
after cleaning. Oxalate-EDTA Fe concentration and isotope blank was measured using 
the procedures outlined below. Filters, syringes, and filter apparatus were cleaned for no 
less than 1 week in 10% HCl and rinsed with UPW before use.  
 
2.2 GEOTRACES samples 
GT samples were collected as a part of the US GEOTRACES collaboration along 
the GEOTRACES North Atlantic Transect (Figure 2.1). Samples were collected with 
tracemetal clean niskin go-flow bottles at 16 depths for each station. Each filter was 
pumped with approximately 30 liters of seawater and cut into quarters for analysis. Two, 
¼ pieces of filter were shipped in clean, plastic bags to the University of South Carolina. 
Filters were kept in clean plastic until analysis. 
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3. Experimental Setup: 
3.1 Experimental protocol testing 
 Before beginning experiments, several aspects of the experimental protocol were 
tested, including filter blanks, and the possible readsorption of leached Fe back onto 
labware and/or sediment material. 
 
3.2 Filter blanks 
25mm, 0.45um Supor filter (Whatman, GD/XP) and Quartz Fiber filters were 
tested for trace metal cleanliness prior to beginning of experiments. Filters were leached 
overnight at 60°C with 0.6N trace-metal clean HCl. Leachate was supplemented with 
0.02 hydroxylamine hydrochloride to reduce and extract any Fe adsorbed back onto the 
filter. Leachate was subsampled and analyzed for trace metal concentration.    
4mm PTFE syringe filters (Whatman, Puradisk) were tested for trace metal cleanliness by 
pushing 1ml of 0.5M tracemetal clean HCl through the filter with an acid cleaned 
syringe. Filtrate was subsampled and analyzed for trace metal concentrations. 
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3.3 Multi-element adsorption onto labware 
 In order to ensure the leached Fe was not adsorbed back onto labware surface 
during leaching, a multi-element-adsorption experiment was conducted. Leach solutions 
were doped with a 500ppb multi-element standard.  Leach was either 5ml 0.6M HCl 
overnight at 60°C or 25% acetic acid + 0.02M hydroxylamine hydrochloride for 10 
minutes at 90°C and allowed to cool for 2 hours at room temperature. This procedure was 
conducted both with Supor filters and with plain vials. After leaching, leachate was 
transferred to syringe capped with a syringe filter. The leaching filter or vial was rinsed 
with 2X 1ml UPW and this leachate (L1) was prepared for concentration analysis. 
Leachate was discarded after subsampling. Leaching filters or vials were leached a 
second time but with a stronger leach of 6N HCL at 90°C overnight to release any 
residual Fe. The leaching filter was rinsed with 2X 1ml UPW and this leachate (L2) was 
prepared for concentration analysis.  
 
3.4 Fe adsorption onto MESS 
In order to ensure that leached Fe from samples was not readsorbed back onto 
sediment, a spike-adsorption experiment was conducted. 250ng of MESS-3 was filtered 
onto clean, Supor filters. Filter and MESS were then rinsed with 5ml of UPW and placed 
in vial with leach and a 500ng double spike of 57Fe and 58Fe.  Leach was either 5ml 0.6M 
HCl overnight at 60°C or 25% acetic acid + 0.02M hydroxylamine hydrochloride for 10 
minutes at 90°C and allowed to cool for 2 hours at room temperature. After leaching, 
leachate was transferred to syringe capped with a PTFE syringe filter. The leaching filter 
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was rinsed with 2X 1ml UPW and rinse was also added to syringe. Leachate and rinse 
were pushed together through syringe filter. This leachate (L1) was prepared for 
concentration and isotope analysis. The leaching filter was leached a second time with the 
same leaching procedure as performed previously to release any residual Fe. After 
leaching, leachate was transferred to syringe capped with a PTFE syringe filter. The 
leaching filter was rinsed with 2X 1ml UPW and rinse was also added to syringe. 
Leachate and rinse were pushed together through syringe filter. This leachate (L2) was 
prepared for concentration and isotope analysis.  
 
3.5 Sample Leaching Methods 
MESS-3 samples were filtered onto Supor filters. Filters were not rinsed with 
UPW. Filters were lightly folded, and exposed to treatment at a sample/leach ratio no 
higher than 1mg/1ml. Unlike MESS, Cariaco samples were not mixed with water. 
Instead, Cariaco Basin sediments were weighed on microbalance and treated at a 
sample/leach ratio no higher than 2mg/1ml.  
 
3.6 Experimental protocol 
Filters or dry sediment were treated with either 0.5M HCl, 0.01M HCl, 25% 
acetic acid + 0.02M hydroxylamine hydrochloride, or a pH8 0.1M oxalic acid-0.05M 
EDTA solution for 10 minutes, 2 hours, or 24 hours. Heat was applied at 25°C, 60°C, or 
90°C for each leach and each treatment time. Samples were placed into clean, heat 
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resistant bags for heat treatment in ovens to reduce the chance of contamination. Leachate 
was then carefully transferred to a syringe equipped with syringe filter. Leaching filter 
was rinsed with 1ml UPW and gently shaken to collect residual Fe. Rinse and leachate 
were pushed through syringe filter and subsamples were taken for Fe concentration and 
isotope analysis.  
 
3.7 GEOTRACES Samples 
GEOTRACES filters were delivered as two pieces of ½ of the round filter used at 
sea (each piece represented 1/4th of the sample filter). One 1/2th of the 1/4th portion 
provided (1/8th of the sample filter) was cut away using a sterile scalpel and acid cleaned 
cutting board. These samples were treated with pH8 oxalate-EDTA at 90°C for two 
hours. Leachate was then treated according to the procedure outlined above.  
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4. Sample Analyses: 
4.1 Elemental concentration analyses: 
Samples using acid as a leach, with the exception of filter blank samples and 
MESS-adsorption experiment samples, were measured for iron concentration by the 
ferrozine method described by Viollier et al. (2000). This method uses hydroxylamine 
hydrochloride to reduce all of the iron in the sample to Fe(II) which is then complexed to 
the colorometric reagent, ferrozine, to produce a purple color proportional to the amount 
of iron present. Iron concentration is measured using a spectrophotmeter at 562nm. 
Sample concentrations were calculated from a standard curve consisting of 0, 50, 75, 100, 
150, 300, 350, and 500ppb FeCl3 in tracemetal clean, chelexed artificial seawater. 
Samples with Fe concentrations < 75ppb or > 350ppb were concentrated or diluted with 
chelexed artificial seawater to achieve concentrations well within the standard curve.  
Filter blank samples, MESS-adsorption experiment samples, and all samples 
containing oxalate-EDTA were measured on Thermo Element inductively coupled 
plasma-mass spectrometer (ICP-MS).  Blank and adsorption sample concentration were 
measured using ICP-MS because these sample concentrations needed to be known very 
precisely. The oxalate-EDTA complex however, simply out-competes the ferrozine 
complex for iron and thus the Element must be used to measure concentration before 
preparing samples for isotope analysis. 
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Samples to be analyzed on the Element ICP-MS were diluted 1:100 in 0.1N 
HNO3 and run against a 10ppb Multi-Element Standard with acid blanks subtracted 
foraccuracy. For oxalate-EDTA samples, a separate 5% oxalate-EDTA in 10ppb standard 
was made to correct for decreases in sensitivity associated with complex matrices. The 
standard was run at specified intervals to account for instrument drift. Fe blanks were < 
35ppt.  
 
4.2 Iron Isotope Analysis 
After concentration data were collected, samples were spiked with an iron double 
spike of 57fe and 58Fe to a ratio of 1:2, sample:spike. Samples were spiked prior to 
column purification to correct for any fractionation, which might occur during sample 
processing. Samples were then dried down in clean PFA vials and reacted with clean, 
concentrated HNO3 and H2O2 to dissolve any organic materials before purification. 
Samples were dried down once again and reconstituted with 10M HCl + 0.001M H2O2. 
This sample mixture was loaded onto a drip-through column of anion-exchange resin to 
separate Fe from salts and other metals. Fe was eluted from the column using a sequence 
of acid reagents and the purified iron sample was dried down and then reconstituted once 
more in 0.1N HNO3 for isotope analysis on Thermo Neptune high resolution multi-
collector ICP-MS. The high resolution of Neptune allows for the optical separation of 
isobaric interferences such as ArO+ at mass 56 interfering with measurements of Fe 56. 
Samples run on Neptune were corrected using a standard:spike bracketing procedure 
designed to mimic the natural sample:spike ratio, to account for instrument mass bias 
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drift. Fe blanks for the column procedure were <5ng and analytical error was typically 
±0.01‰. Isotope analysis by double spike method also allows for the convenient 
calculation of extremely precise and accurate concentrations. All concentration data 
reported in conjunction with isotope analysis has been calculated using isotope dilution.  
 
4.3 Experimental Variability 
Leaching studies were performed during 3 separate experiments. They will be 
referred to here as New Leach Time Series 1, 2, and 3 (NLT1, NLT2, and NLT3, 
respectively). GEOTRACES sample analysis are referred to here as GT. NLT1 and NLT2 
were conducted prior to oxalate cleaning and consisted of MESS and Cariaco samples 
leached with acids and trace-metal ‘dirty’ oxalate-EDTA (~247ppb Fe oxalate-EDTA 
blank). Additionally, these leachates were syringe filtered using a 25mm syringe filter 
that had a “dead-volume” > 500ul associated with them. NLT3 and GEOTRACES 
samples were conducted only with cleaned oxalate-EDTA (101.6ppb Fe). NLT3 
consisted of both MESS and Cariaco samples. GT samples were treated as described 
above but with cleaned oxalate-EDTA reagent. The need to constrain such a large 
oxalate-EDTA blank was noted before NLT3 experiments, and so a 4mm syringe filters 
were used for these experiments. These filters have a much smaller dead volume <10ul 
associated with their use. In addition, all pipetting was performed with fixed volume 
pipettes and volumes were corrected for by weight with microbalance during NLT3.  
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Every different type of leach for NLT1, 2, and 3 was tested in duplicate. Results where 
error bars are absent represent either sample duplicates that were not measured, or when 
error bars are within the data point. GT samples were not run in duplicate.  
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5 Modeling 
5.1 Pooled particle isotope effect model 
Two models were constructed to describe the findings. The first model, used to 
describe the “Pooled Particle” describes a particle that is made of at least two different 
geochemical phases each having a unique δ56Fe. In this model, the two “pools” are 
described as the easily exchangeable, or labile pool. The second is described as the 
refractory pool that is more difficult to dissolve and my not be readily exchanging with 
the environment. Because the labile pool represents a geochemical phase that is easily 
accessible it will have a faster dissociation and thus a larger dissociation constant, K. The 
refractory pool, however, will dissolve more slowly, and it its K will correspondingly be 
smaller.  Thus, the δ56Fe of the labile phase will be the δ56Fe of the leachate at the 
beginning of the leaching process. This model is described with a series of equations 
listed below: 
[56Fe]labP = [56Fe]labPi * 𝑒!! !"!",!"##,!"# ∗! 
Where [56Fe]labP represents the labile (lab), particulate (P) 56Fe, and [56Fe]labPi represents the 
initial, labile (lab) , particulate 56Fe in units of mg Fe/g sample. K is the dissociation 
constant and refers to the dissolution (diss) of the labile (lab), or refractory (ref) phases. R is 
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referred to here, as the reaction constant and represents a term used to describe the extent 
at which dissociation takes place as time and temperature increase.  
Then: 
[56Fe]lab,diss = [56Fe]labPi – [56Fe]labP 
Where [56Fe]lab,diss represents the concentration of the labile (lab) pool that has been 
dissolved (diss). 
Correspondingly, these equations are the similar for the lighter isotope of iron, 54Fe: 
[54Fe]labP = [54Fe]labPi * 𝑒!! !"!",!"##,!"# ∗! 
Where [54Fe]labP represents the labile (lab), particulate (P) 54Fe and [54Fe]labPi represents the 
initial, labile (lab) , particulate 54Fe in units of mg Fe/g sample. 
Then: 
[54Fe]lab,diss = [54Fe]labPi – [54Fe]labP 
The same process continues for the refractory phase of 54Fe and 56Fe: 
[56Fe]refP = [56Fe]refPi * 𝑒!! !"!",!"##,!"# ∗! 
Where [56Fe]refP represents the refractory (ref), particulate (P) 56Fe, and [56Fe]refPi represents 
the initial, ref (ref) , particulate 56Fe in units of mg Fe/g sample.  
Then: 
[56Fe]ref,diss = [56Fe]refPi – [56Fe]refP 
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Where [56Fe]ref,diss represents the concentration of the refractory (ref) pool that has been 
dissolved (diss). 
Again, this holds true for 54Fe: 
[54Fe]refP = [54Fe]refPi * 𝑒!! !"!",!"##,!"# ∗! 
And then: 
[54Fe]ref,diss = [54Fe]refPi – [54Fe]refP 
Then, the total dissolved 56Fe (56FeTdiss) or 54Fe (54FeTdiss) is defined as: 
56FeTdiss = [56Fe]lab,diss + [56Fe]part,diss 
54FeTdiss = [54Fe]lab,diss + [54Fe]part,diss 
Finally, the total dissolved Fe ([Fe]Tdiss) found by the addition of dissolved phase 54Fe and 
56Fe in units of mg Fe/ g sample is: 
[Fe]Tdiss = 54FeTdiss + 56FeTdiss 
The d56Fe of the dissolved iron, or Fe now present in leachate, is calculated by the ratio 
of the isotopes in the sample to that of the isotopes in international iron isotope standard, 
IRMM-014: 
δ56Fe (‰) = 
!"!" !"## !"!" !"##!.!"#$% !.!"#$" − 1   ×  10! 
Where 0.91754 and 0.05845 is are the abundances of 56Fe and 54Fe in IRMM-014. 
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5.2 Kinetic isotope effect model 
The second model describes the leaching of an isotopically homogenous particle 
via kinetic isotope effect, whereby light isotopes are preferentially leached from a 
particle’s surface. In this model, the concentration and d56Fe of the leachate is iteratively 
derived to reflect the changing surface of the particle that is evolving with time. The 
model makes the assumption that the particle is dissolving through a series of layers, each 
being transformed as light isotopes are preferentially leached, leaving behind heavy 
isotopes that were not leached as well as the atoms exposed by the previously leached 
atoms.  
This model is described by a series of mass balance equations listed below: 
ƒsur,diss = 
!"  !"  !"  !"##$%&'!  !"  !!"  !"#$!"  !"  !"  !"!#$#%$&  !"#  !"#$!!"#  !"  !!!  !"#$%&'  !"  !!!  !"#$%&'( 
Where ƒ = fraction of Fe in involved in any step, then ƒsur,diss  represents the fraction of Fe 
that is dissolved (diss) from the surface (surf). 
Then, the fraction of Fe on the surface that is not dissolved (Ndiss) in a step is represented 
by: 
ƒsur,Ndiss = 1- ƒsur,diss 
To describe the d56Fe of the iron being removed from the particle: 
δ56Fediss/step = δ56Fenew surface + δ56Feleached layer 
Where δ56Fediss/step is the isotope signature of the iron being dissolved per leaching 
iterative, δ56Fenew surface is equivalent to the δ56Fe of the whole, virgin particle that is 
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exposed after a layer of atoms has been dissolved, and d56Feleached layer describes the d56Fe 
of the previously leached layer. To describe the isotope signature of the leached layer: 
  δ56Feleached layer = 
!!"!"  !"#  !"#$%&'!(ƒ"#$$∗  !!"!"  !"##)ƒ!"#$!!"  !"#$%  
Where ƒdiss and δ56Fediss describe the fraction and isotope value of the iron that has been 
dissolved. 
To describe the isotope signature of the layer that is available to be leached (δ56Feavailable 
layer), and is now a mixture of virgin particle δ56Fe and δ56Feleached layer: 
δ56Feavailable layer = ƒnew surface * δ56Fenew surface + ƒleached layer * δ56Feleached layer 
Finally, to describe the δ56Fe of the Fe now dissolved in the leachate: 
δ56Fe (‰) = 
!"  !"##$%&'!  !"  !"#$#%&  !"#$!"  !"##$%!"#  !"!#$ ∗   δ56Fedissolved  this  step + 
(!"  !"##$%&'!  !"  !"#$%&'(  !"#$!"!#$  !"  !"#$%&'()*  !"##$%&'!) * d56Fedissolved in previous step 
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6. Results 
6.1 Filter Blanks 
Quartz Fiber filters were found to release 41.31ng Fe/filter using the harsh 
leaching procedure described above, while Supor filters released 0.62ng Fe/filter. Supor 
filters were thus chosen to conduct all leaching experiments.  
PTFE syringe filters were found to release 0.2ng Fe/filter. (Figure 6.1) 
 
6.2 Elemental adsorption onto MESS and labware 
Despite adding a reducing agent to the leaches, very little iron spike adorbed onto 
MESS with use of both the 25% acetic and the 0.6M HCl leach, with HCl having slightly 
more spike adsorbed. However this may an avoidable methodological limitation of 
leaching particulate samples with milder leaches and needs to be further addressed in 
studies to come. Spike recovery from MESS particles was found to be 91% ± 0.0028 and 
95% ± .0012 from 25% acetic acid leach with 0.02M hydroxylamine hydrochloride and 
the 0.5M HCl leach, respectively.  
Multi-Element standard adsoption onto labware was found to be negligible in all 
labware for all elements when using 0.6N HCl. Magnesium and Calcium appeared to be 
associated with low recovery when using 25% acetic acid leach with 0.02M 
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hydroxylamine hydrochloride where recovery was observed to be 60% and 35%, 
respectively. However, these elements are highly contamination-prone and the validity of 
this data is questioned. Analysis was performed on filters, vials, and syringes; however, 
results are shown for filter adsorption only for simplification. (Figure 6.2)
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7.Results for leach comparison 
7.1 MESS 
Leaching MESS samples with 0.5MHCl, 0.01M HCl, or 25% acetic acid with 
hydroxylamine hydrochloride at 25°C accessed small amounts (<5 mg/g sample) of iron 
for all time points (10 minutes, 2 hours, and 24 hours), with 0.5M HCl at 24 hours 
leaching slightly more Fe than any other leach or time period. It is noted that the 10 
minute time point in this experiment did not produce an absence in Fe, in fact, leached 
iron concentrations for 10 minutes was nearly exactly that leached at 2 hours. It is 
believed that this may be due to agitation of the sample in preparation, which may have 
released more iron from the sample, or experimental variability, or may be an artifact of 
leaching such small amounts of iron from the sample. Iron isotope analysis for the 25°C 
experiment shows a slight but clear trend to heavier values with an increase in time 
leached and a slightly larger trend in the 0.6N HCl. δ56Fe values begin near -0.5‰ and 
rise to -0.2‰ and -0.3‰ for 0.6N HCl and then 0.01N HCL and 25% acetic acid, 
respectively. (Figure 7.1) 
A leaching trend is clearly observed in the 60°C experiment with more iron being 
leached with an increase in time leached and with acid strength. The 10 minute time point 
produced < 5mg Fe/ g sample for all acids, whereas the 24 hour time point released 
nearly twice as much Fe from the sample. The 0.5M HCl dissolved the most Fe, the 25% 
acetic acid + hydroxylamine hydrochloride in intermediate amount, and the 0.01M HCl 
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dissolving the least. Iron isotopes associated with this data show again, a very clear trend 
with d56Fe values getting heavier with an increase in time leached for all acids. The most 
dramatic difference is seen with the 0.01M HCl beginning the treatment with δ56Fe of 
nearly -2‰ and then being enriched with heavy isotopes to a final δ56Fe value of 0‰ at 
24 hours.  This trend was less dramatic with the 25% acetic acid leach, and even less so 
for the 0.5M HCl. It should be noted that regardless of acid used, the 24 hour time point 
δ56Fe values all converged near 0‰. (Figure 7.2) 
This trend is continued in the 90°C experiment where all three acids releasing <5 
mg Fe/ g sample at the 10 minute time point and well over twice as much released at the 
24 hour time point. The HCl leach released three times as much iron from the particles at 
the 24-hour time point than the 25% acetic acid or the 0.01M HCl leaches. Again, the 
acetic acid leach accessed slightly more Fe than the 0.01M HCl. The iron isotope analysis 
of this experiment is consistent with that of the 25 and 60 experiments. The early stages 
of leaching produce light isotope values around -0.5‰ and then become heavier as the 
leaching continues for 24 hours where the d56Fe values again converge near 0‰. The 
discrepancy seen between the acids in the 60°C experiments in not seen at 90C. (Figure 
7.3) 
If the results of all three temperatures (25°C, 60°C, and 90°C), time points (10 
minutes, 2 hours, and 24 hours), and acids (0.6N HCl, 0.01N HCl, and 25% acetic acid + 
0.02M hydroxylamine hydrochloride) are plotted with mg Fe leached/ g sample versus 
their corresponding δ56Fe values, all results fall on a curve that applies to every treatment 
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of MESS with these treatments. The curve begins with isotopically light values near -
1.5‰ and asymptote to a value very near 0‰.  (Figure 7.4) 
7.2 Cariaco 
 Leaching Cariaco samples with 0.5MHCl, 0.01M HCl, or 25% acetic acid with 
hydroxylamine hydrochloride at 25°C accessed small amounts (<2 mg/g sample) of iron 
for all time points (10 minutes, 2 hours, and 24 hours), with 0.5M HCl at 24 hours 
leaching slightly more Fe than any other leach or time period. It is noted that not only are 
these values less than those observed for MESS but that the 10 minute time point also 
produces the leaching anomaly seen with MESS whereby the 10 minute time point 
leaches an equal amount of iron as the 2 hour time point. This is hard to distinguish from 
the graph because concentrations are so low, but the raw data indicate that the 2-hour 
time point does not release more Fe than that at 10 minutes. Iron isotope analysis for 
these samples is less clear than those of MESS with the same treatment. The δ56Fe values 
of all three acids appear to begin the leaching process slightly heavy near 0.1‰, then 
drop to -0.5‰ at the 2 hour time point. The 25% acetic acid and 0.01M HCl leaches 
remain at -0.5‰ for the duration of the 24 hour experiment, whereas the 0.6N HCl leach 
ends the experiment with a heavier δ56Fe value of 0‰. (Figure 7.5) 
 The 60°C experiment shows the same trend found in MESS. The amount of Fe 
leached from the Cariaco particles increases with treatment time and with an increase in 
acid strength. Although it is difficult to see in the graph due to low Fe concentrations the 
difference between the 10 minute and 2 hour time points is nearly double in each acid. 
The isotope analyses of samples in this experiment do not show as strong of a trend as 
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those with MESS at 60°C.  The δ56Fe of leachate for the 10 minute time point is 
relatively light for all acids, in consistence with MESS, to an isotope value near -0.25‰. 
The 25% acetic acid and 0.01M HCl leachate δ56Fe values dip to less than -0.5‰ at 2 
hours but then become heavier at 24 hours to about -0.4‰. The 0.5N HCl, however, 
begins the leaching process near -0.25‰ and steadily becomes heavier at 2 and then 
again at 24 hours for a final leachate δ56Fe of 0.1‰. (Figure 7.6) 
 The 90°C experiments with Cariaco again show a relationship where the amount 
of iron leached from particles is positively correlated with the amount of time the 
particles are leached. While the 0.5M HCl shows the largest increase in Fe leached from 
< 2.5 mg Fe/ g sample to >10 mg Fe/ g sample, 25% acetic acid and 0.01M HCl increase 
to about 5 mg Fe/ g sample. The 2 hour time point for acetic acid appears to have leached 
slightly more Fe than the 24 hour timepoint, however, this is within error and it is 
important to note that data points on the graphs are mean values of two independent 
samples. The isotope data for the 90°C experiment agree very well with that of the MESS 
samples. All three acids produce isotopically light δ56Fe near -0.25‰ at the beginning of 
the leaching procedure (i.e.10 minute time point) and this value becomes isotopically 
heavier at 2 hours and even more so at 24 hours, finally ending with a δ56Fe just over 
0‰. (Figure 7.7) 
If the results of all three temperatures (25°C, 60°C, and 90°C), time points (10 
minutes, 2 hours, and 24 hours), and acids (0.6N HCl, 0.01N HCl, and 25% acetic acid + 
0.02M hydroxylamine hydrochloride) are plotted with mg Fe leached/ g sample versus 
their corresponding δ56Fe values, all results fall on a curve that applies to every treatment 
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of Cariaco with these treatments. The curve begins with isotopically light values near -
1.0‰ and asymptote to a value very near 0.2‰. While this curve is more variable than 
the graph generated from MESS samples, the same trend applies.  (Figure 7.8) 
7.3 MESS and Cariaco with pH 7 Oxalate-EDTA 
Both MESS and Cariaco samples treated with pH 7 oxalate-EDTA at all time 
points and temperatures produced results that did not fall onto the curve with the acidic 
leaches. The δ56Fe values in the beginning of the leaching process of MESS were slightly 
isotopically light, although over 1.0‰ heavier than those of the acidic leaches. MESS 
leached with oxalate-EDTA converged at a δ56Fe value very close to -0.2‰. (Figure 7.9) 
Cariaco samples treated with oxalate-EDTA consistently leached Fe with a d56Fe value 
very close to 0.2‰. (Figure 7.10) In order to incorporate the iron blank from the oxalate 
wash, a standard mixing equation was used where: 
δ56Feleachate = δ56Fesample * XFesample  + dδ56Feoxalate blank * Xoxalate blank  
Where X denotes the molar fraction of each component, and the δ56Feoxalate blank was 
measured in quadruplicate, Xoxalate blank was determined using isotope dilution, and all 
samples were prepared using fixed volume pipettes, and volumes were corrected by 
weight on microbalance. Additionally, because fresh oxalate-EDTA had to be made 
every 60 days, the δ56Feoxalate blank changed from experiment to experiment, but every 
precaution was taken to constrain the blank whenever possible. It should be noted that 
due to the correlation with increased leaching times and temperatures with the amount of 
Fe leached, samples that had a smaller amount of Fe leached consequently retained a 
larger fraction of Fe from the oxalate blank. 
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7. Results for modeling: 
Both models, pooled particle and kinetic isotope effect, are able to describe the 
curved relationship between [Fe] and δ56Fe observed for leaching MESS with all three 
acidic leaches, time points, and temperatures. The pooled particle model, which describes 
a particle that is made of at least two different geochemical phases each having a unique 
δ56Fe, has parameters that best fits the data are as follows: 
54K disslab = 2 R-1 
54K dissref = 0.01 R-1 
[Felab]Pi = 0.4mg/g 
[Feref]Pi = 29mg/g 
δ56Felab = -2.5‰ 
δ56Feref = -0.07‰ 
The kinetic isotope effect model which describes dissolution whereby light isotopes are 
preferentially leached from a particle’s surface, has parameters that best fits the data as 
follows: 
[Fe]sur = 0.4mg/g 
δ56Feparticle = 0.04‰
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KIE = -3 
Best fit for both models was determined by running the solver program in Excel with a 
GRG nonlinear solving method and solving parameters for the least sum of squared 
errors, where error is equal to the observed data – predicted data of the model. (Figures 
8.1 and 8.2)
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8. Results for GEOTRACES samples 
Three profiles from the US North Atlantic GEOTRACES transect were analyzed: 
USGT10-9 Mauritania near the African west coast, USGT11-16, TAG hydrothermal 
plume, and station USGT11-10 at Bermuda relatively far from the North American east 
coast. (Figure 2.1) 
The Mauritanian profile illustrates increases in leachable Fe at the surface, 
another peak in concentration near 250meters and a strong increase in leachable Fe 
concentration spanning from 2500meters at 1.5nM and increasing until 3000 meters to 
6nM. The isotope values for this profile are overall negative, near -0.5‰, although a 
slight excursion in relatively heavy isotopes of -0.1‰ is observed at the surface. The 
profile shows a negative kink of -1.0‰ that begins at 900 meters and lasts to 2500 meters 
when the profile show another negative excursion to -1.3‰ and a final relatively heavy 
tail of -1.0‰ at the 3000 meter depth. (Figure 9.1) 
The TAG hydrothermal plume shows a drastic increase in leachable Fe from 4nM 
at 3000 meters up to 60nM at 3300 meters. This concentration tapers off and is less than 
1nM at 3600 meters. The isotope profile of TAG shows very slightly negative δ56Fe of -
0.06‰ and this signature remains constant throughout the plume with a slightly lighter 
tail of -0.2‰ at 3600 meters.  (Figure 9.3)
	  	  39 
The Bermuda profile is similar to that of Mauritania without the peak in 
concentration at the surface. Leachable Fe concentration is lower throughout the water 
columns than at Mauritania being nearly constant at 0.5nM. Concentration does, 
however, drastically increase from 0.5nM at 3600 meters to nearly 6nM at 4500 meters, 
similarly to that of Mauritania. The isotope data for this profile is not as straight as the 
Mauritanian profile. The profile shows a relatively heavy isotope signal at the surface of 
0.3‰ but the signal quickly falls to -0.1‰ at 76 meters and δ56Fe values continue to get 
isotopically lighter with depth. There is an isotopically light kink just above 4000 meters 
to -0.6‰ but values return to -0.3‰ by 4500 meters. (Figure 9.2)
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10. Discussion 
10.1 Leaching procedure discussion 
As great strides are made in analyzing seawater for dissolved iron isotopes, the ability to 
make such measurements with particulate samples cannot be underestimated. It has been 
shown that the dissolved phase Fe is actively exchanging with the particulate phase by 
processes such as adorption, desorption, dissolution, and participation (Baar et de jong , 
2001; Ussher et al., 2004).  Therefore particles play an integral role in the iron 
biogeochemical cycle. What is more, dissolved iron isotopes are beginning to be used as 
valuable tracers for sources of iron to the ocean, but the sink of this iron is completely 
controlled by particles, and being able to describe their isotope signatures may help 
conclude the iron mass balance of the oceans. Previous researchers have spent a great 
deal of effort in choosing an appropriate leach to access the bioavailable portion of 
particulates (Hall et al. 1996; Koschinsky, Fritsche, and Winkler 2001). It is well 
accepted that a mild leach like the 25% acetic acid + hydroxylamine hydrochloride with 
heat proposed by Berger et al., (2007) is an appropriate leach to release the bioavailable 
fraction of particles. Berger’s leach was not tested directly in this study, as our heating 
step was not identical to the author’s suggestion, but heat and timing were investigated. 
The heat applied to leaches was designed to access intracellular proteins that have been 
shown to be available to phytoplankton as dissolution occurs (Hurst and Bruland 2007). 
This may also be accomplished by using a stronger acid (Castruita et al., 2006), but has 
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been shown to access the refractory metals that are unavailable to phytoplankton 
(Agemian and Chau, 1976). Because of this, we tested both a strong (0.5M HCL) and 
weak (0.01M HCl) acid in parallel with a 25% acetic acid leach. Finally, others have 
studied the pH 7 oxalate-EDTA leach for its potential in accessing extracellular Fe when 
used in conjunction with isotonic saline solution and has been studied as a natural iron 
leach in soil environments (Wiederhold et al. 2007; Guelke and Von Blanckenburg 
2007).  
This study did not investigate whether leaches tested did, in fact, access all of and 
only the labile, bioavailable fraction of particulate samples. The authors fully recognize 
the ability of previous researchers to report leach recommendations. This study was 
aimed to test relatively common chemical leaches that are already in use to investigate 
the leaching procedure in conjunction with isotope analysis.  
Our findings suggest that there is a strong correlation between the leaching process and 
the δ56Fe of the leachate. Both MESS and Cariaco samples show that as more iron is 
leached from the particle, albeit through stronger leach, longer leaching times, or higher 
temperatures, the δ56Fe of the leachate from those particles evolve asymptotically to a 
much isotopically heavier value. This value appears to be very close to -0.2‰ and +0.2‰ 
for MESS and Cariaco samples, respectively. If a researcher were interested in the 
isotopic value of labile particulate iron, and did not complete the leach to the asymptotic 
value, the δ56Fe could range up to a 1‰ difference. For MESS this value is not achieved 
until 9 mg Fe/ g sample has been released. (Figure 7.4) Similarly, Cariaco samples must 
be leached until 7 mg Fe/ g sample are freed. (Figure 7.8) However, these values are not 
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achieved using the widely accepted mild leaching procedures accessing the labile 
particulate pool.  
Conversely, the pH7 oxalate-EDTA leach does not produce fractionations associated with 
amounts of Fe leached. Figures 7.9 and 7.10 comprise the oxalate-EDTA leach used at all 
times and temperatures tested and there is no clear correlation of dissolved Fe and δ56Fe. 
It is clear, however, that the asymptotic value for MESS and Cariaco are markedly 
different, -0.2‰ and 0.2‰, respectively. This could be explained not only by the fact that 
these two samples were taken from very different geographical locations, in fact, this 
would strengthen the hypothesis that particulate δ56Fe could be used for fingerprinting 
similar to that of dissolved δ56Fe, but also that MESS samples are sediments. It is 
reasonable to hypothesize there is an amount of microbial or anoxic reduction (Homoky 
et al. 2009)occurring in these sediments and this is reflected in the slightly negative 
isotopic values (Severmann et al. 2010). Cariaco sediments, however, were collected in 
oxygenated water at 275 meters. Thus, the asymptote value for these samples arrives at a 
near crustal value of 0.2‰.  
These findings are in contrast to that of (Wiederhold et al. 2006) but it should be 
noted that Wiederhold used only an oxalate leach, whereas the oxalate in this study was 
supplemented with EDTA. However, our results for acidic leaches match those of 
Chapman et al. (2009) and Kiczka et al. (2010) quite well. It should also be noted that 
these authors did not specify that the oxalate used in their studies was kept in the dark, in 
which case, it is likely that the oxalate was acting in a manor consistent with reductive 
and not ligand-promoted dissolution. In addition, it appears that the sample being leached 
will have an impact on the fractionation by leaching.  
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Kiczka et al. (2010), Wiederhold et al. (2006), and Chapman et al. (2009), 
constructed models to describe their observations of isotopic fractionation and these 
included a pooled particle model whereby the particle is consists of at least two pools of 
iron and each geochemical pool has a unique δ56Fe value. As the pools are dissolved and 
mix together in the leachate, the isotope values asymptote to an average of the two 
separate pools, though this average may be very different than the average of each pool 
within the particle, such as those associated with the refractory phase. Another model 
used was the kinetic isotope effect model, which describes the dissolution of the particle 
as occurring more readily through lighter isotopes; and as each single layer of atoms 
preferentially looses its light isotopes, the leached layer left becomes enriched by the 
heavy atoms left behind. This again occurs until the mean of the labile particle δ56Fe is 
reached as seen by the asymptote values. 
 We explored these hypotheses by creating two similar models, one describing the 
pooled particle and one describing the kinetic isotope effect. The models are fitted to the 
data using a least squared difference. The kinetic isotope effect model fits the data 
slightly better than the pooled particle effect, with cost functions of 1.3 and 1.8, 
respectively. However, if the pooled particle hypothesis were correct, we would expect 
this trend to be seen regardless of mild leaching method used, because this dissolution 
processes should be independent of leach. In other words, the observed isotope 
fractionation evolution is an artifact of the particle itself. However, this is not what is 
observed. In Cariaco sediments, a clear trend is observed of very isotopically light Fe 
released early in the leaching processes. Leaching these same samples with a non-acidic, 
pH 7 oxalate-EDTA solution, however, does not produce an evolving isotope 
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fractionation trend and therefore the acidic acid curves must be attributed to a kinetic 
isotope effect induced when leaching with a proton-promoted dissolution mechanism.  
Because this fractionation is not observed with the pH7 oxalate-EDTA leach, it is 
recommended that this leach be used to test particulate samples for iron isotopes. 
However, it should be noted that these fractionations are only important in the case of 
isotope analysis. If the researcher’s primary concern is with elemental concentration 
analysis, the mild, acidic leaches may describe the labile fraction of particulates quite 
well.  
 
5.2 GEOTRACES 
 The concentration profile of Mauritania shows a slight increase in leachable Fe 
concentration coupled with a relatively heavy isotope peak in surface waters that may 
suggest crustal dust input from the nearby Saharan desert. A second leachable Fe 
concentration peak is observed at 250 meters but this peak does not correspond to a 
change in isotope signature. However, a negative excursion in δ56Fe values of leachable 
Fe just above 1000 meters and lasting to 2500 meters may be indicative of a different 
water mass at these depths within the profile. This excursion is not coupled with an 
increase in leachable Fe concentration, suggesting that the incoming water mass has 
equal amounts of leachable Fe as the water mass observed above 1000 meters. There is a 
strong increase in leachable Fe concentration near the bottom (2500 – 3000 meters) that 
suggests the presence of a dense nephloid layer. This increase in concentration is coupled 
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with a negative isotope signature that may provide evidence that this nephloid layer is 
made of Fe which diffused out of reducing sediments.  
The TAG hydrothermal plume profile shows a sharp increase (>59uM) in 
leachable Fe concentration from 3000 to 3300 meters that may reveal the peak of the 
hydrothermal plume. Below 3300 meters the leachable Fe concentration gradually 
diminishes to less than 1uM.. The particulate iron isotope profile of the hydrothermal 
plume is relatively homogeneous and shows an isotope signature ranging from -0.02‰ to 
-0.29‰ ± 001‰ throughout the sample depths of 3000 to 3600 meters.  
 The concentration profile from the North Atlantic near Bermuda does not show 
the same sharp increase in leachable Fe in surface waters as the Mauritanian profile. This 
may be more evidence that the peak in Fe concentration in surface waters of Mauritania 
is from neighboring Saharan dust input. The particulate iron isotope signature of the 
Bermudan surface waters may show a slight positive excursion (0.3‰), however, data 
points in this region have relatively large errors associated with them, due to the low Fe 
concentration and thus large oxalate-blank. The intermediate depths show a slight 
increase in leachable Fe that corresponds with enrichment of light isotopes (-.05‰ to -
.62‰ ± 0.01‰-0.02‰). This may indicate reductive dissolution from the steep, sloping 
shelf of Bermuda. Leachable Fe concentrations increase exponentially from 3500 to 4500 
meters and correspond to a relatively heavy excursion of particulate iron isotopes (-
0.3‰).  This may correspond to oxic waters scouring sediments from the basin floor and 
supplying the deep water column with iron rich particulates
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6 Conclusions: 
The presented work demonstrates iron isotope fractionation during dissolution of 
a sediment reference standard, MESS-3 as well as with natural sediment trap samples 
from the Cariaco Basin. This fractionation has been observed with three common acidic 
leaches throughout a variety of leaching times and temperatures. Iron isotope 
fractionation has been found to correlate with the amount of Fe leached from the 
particles, where an increase in leached Fe results in a heavier δ56Fe of this iron. 
Isotopically lighter δ56Fe values were associated with smaller amounts of leached Fe 
whereas isotopically heavier δ56Fe values were associated with larger amounts of leached 
Fe. However, leaching these same materials with non-acidic pH7 oxalate-EDTA did not 
show this relationship. This non-acidic leach may be a preferable choice to investigate 
labile, particulate iron isotopes as it has a pH similar that of seawater, possible a ligand-
type binding mechanism, and does not fractionate iron isotopes during the leaching 
procedure.  
 Therefore, this leach was chosen to analyze three profiles from the US 
GEOTRACES North Atlantic transect. The profiles as a whole are homogenous and 
relatively isotopically negative. However, preliminary data from Mauritania suggest 
aerosol dust input to the surface waters as well as a reducing nephloid layer and possible 
the presence of a secondary water mass near the profile. Preliminary data from the TAG 
hydrothermal plume suggests a depth for maximum hydrothermal input, and the Bermuda 
profile appears to show reductive dissolution from the slope of Bermuda. These results 
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alone begin to provide an exciting new understanding of particle dynamics in the ocean 
and will likely become key in integrating vast amounts of data for numerous element 
systems collected on the US GEOTRACES North Atlantic Transect to provide a better 
understanding of marine biogeochemical cycling.  
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Figure 2.1: Transect path of the US GEOTRACES, North Atlantic cruise. The cruise 
began from Lisbon, crossed the Mediterranean outflow water, traveled to the west coast 
of Africa and Mauritania, then crossed the Mid-Atlantic ridge, visited the Bermuda Time 
Series station, and finally ended at Woods Hole, in Massachusetts.  Data is presented for 
stations circled in red: Mauritania to the far right, TAG in the center, and Bermuda at far 
left.   
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Figure 6.1: Filter testing for trace metal cleanliness. Supor and Quartz fiber filters were 
tested with both 0.5N HCl + hydroxylamine hydrochloride (0.5N HCl + R) and 25% 
acetic acid + hydroxylamine hydrochloride (25% acetic acid + R). Tests were not 
completed in duplicate. Quartz fiber filters released 5 to 50 times more iron per filter than 
Supor filters. 	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Figure 6.2: Multi-element sorption onto Supor filters in 0.5N HCl and 25% acetic acid + 
hydroxylamine hydrochloride. Results are shown as percent of the total concentration of 
multi-element added to leach.Grey bars indicate multi-element recovery with either 0.5N 
HCl or 25% acetic acid + hydroxylamine hydrochloride. Black bars indicate residual 
multi-element recovery with 6N HCl. Experiments were conducted on vials, filters, and 
syringes for both leaches, but only results from multi-element filter sorption are shown 
here for simplicity. Tests were not performed in duplicate. 
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Figure 7.1 Concentration and δ56Fe for MESS samples treated at 25°C. Top: leachable 
Fe concentration as a function of time. Bottom: δ56Fe of leachate as a function of time. 
Point shape corresponds to sample type, where circles represent MESS-3 sediment 
samples. Point color corresponds to temperature, where blue represents 25°C. Point 
shading correspond type of acidic leach, as indicated on legend at right. Size of points 
indicates time leached, with small representing 10 minutes, medium representing 2 hours, 
and large representing 24 hours. Both concentration and δ56Fe generally increase with 
time and acid strength. Points are average for duplicate experiments run under the same 
conditions, and error bars represent standard deviation of two independent samples. For 
most points, error bars lie within point size. Error bar shading corresponds to the shading 
of the point in which it describes. 
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Figure 7.2 Concentration and isotope analysis with MESS samples treated at 60°C. Top: 
leachable Fe concentration as a function of time. Bottom: δ56Fe of leachate as a function 
of time. Point shape corresponds to sample type, where circles represent MESS-3 
sediment samples. Point color corresponds to temperature, where green represents 60°C. 
Point shading correspond type of acidic leach, as indicated on legend at right. Size of 
points indicates time leached, with small representing 10 minutes, medium representing 2 
hours, and large representing 24 hours. Both concentration and δ56Fe generally increase 
with time and acid strength. Samples represent duplicate analysis. Error bars represent 
standard deviation of two independent samples. For most points, error bars lie within 
point size. Error bar shading corresponds to the shading of the point in which it describes. 
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Figure 7.3 Concentration and isotope analysis with MESS samples treated at 90°C. Top: 
leachable Fe concentration as a function of time. Bottom: δ56Fe of leachate as a function 
of time. Point shape corresponds to sample type, where circles represent MESS-3 
sediment samples. Point color corresponds to temperature, where red represents 90°C. 
Point shading correspond type of acidic leach, as indicated on legend at right. Size of 
points indicates time leached, with small representing 10 minutes, medium representing 2 
hours, and large representing 24 hours. Both concentration and δ56Fe generally increase 
with time and acid strength. Samples represent duplicate analysis. Error bars represent 
standard deviation of two independent samples. For most points, error bars lie within 
point size. Error bar shading corresponds to the shading of the point in which it describes. 
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Figure 7.4 δ56Fe as a function of mg Fe/ g MESS leached by all acidic leaches, 
temperatures and times. Point shape is determined by sample type, where circles 
represent MESS-3 sediment samples. Temperature corresponds to point color, where 
25°C is represented by blue, 60°C is represented by green, and 90°C is represented by 
red. Point shading represents acid type, where empty signifies 0.01M HCl, striped 
represents 25% acetic acid + hydroxylamine hydrochloride, and filled symbolizes 0.5M 
HCl. Size of points is representative of time leached with small points, medium points, 
and large points illustrating 10 minutes, 2 hours, and 24 hours, respectively. Generally, as 
mg Fe/ g MESS is dissolved δ56Fe becomes heavier and asymptotes to approximately -
0.2‰. Individual data points are shown without averages or standard deviations. 
Analytical error is within the size of the points.  
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Figure 7.5 Concentration and isotope analysis with Cariaco samples treated at 25°C. 
Top: leachable Fe concentration as a function of time. Bottom: δ56Fe of leachate as a 
function of time. Point shape corresponds to sample type, where squares represent 
Cariaco sediment trap samples. Point color corresponds to temperature, where blue 
represents 25°C. Point shading correspond type of acidic leach, as indicated on legend at 
right. Size of points indicates time leached, with small representing 10 minutes, medium 
representing 2 hours, and large representing 24 hours. Samples represent duplicate 
analysis. Error bars represent standard deviation of two independent samples. For most 
points, error bars lie within point size. Error bar shading corresponds to the shading of the 
point in which it describes. 
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Figure 7.6 Concentration and isotope analysis with Cariaco samples treated at 60°C. 
Top: leachable Fe concentration as a function of time. Bottom: δ56Fe of leachate as a 
function of time. Point shape corresponds to sample type, where squares represent 
Cariaco sediment trap samples. Point color corresponds to temperature, where green 
represents 60°C. Point shading correspond type of acidic leach, as indicated on legend at 
right. Size of points indicate time leached, with small representing 10 minutes, medium 
representing 2 hours, and large representing 24 hours. Both concentration and δ56Fe 
generally increase with time and acid strength. Samples represent duplicate analysis. 
Error bars represent standard deviation of two independent samples. For most points, 
error bars lie within point size. Error bar shading corresponds to the shading of the point 
in which it describes.	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Figure 7.7 Concentration and isotope analysis with Cariaco samples treated at 90°C. 
Top: leachable Fe concentration as a function of time. Bottom: δ56Fe of leachate as a 
function of time. Point shape corresponds to sample type, where squares represent 
Cariaco sediment trap samples. Point color corresponds to temperature, where green 
represents 90°C. Point shading correspond type of acidic leach, as indicated on legend at 
right. Size of points indicate time leached, with small representing 10 minutes, medium 
representing 2 hours, and large representing 24 hours. Both concentration and δ56Fe 
generally increase with time and acid strength. Samples represent duplicate analysis. 
Error bars represent standard deviation of two independent samples. For most points, 
error bars lie within point size. Error bar shading corresponds to the shading of the point 
in which it describes. 
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Figure 7.8 δ56Fe as a function of mg Fe/ g Cariaco samples leached by all acidic leaches, 
temperatures and times. Point shape is determined by sample type, where squares 
represent Cariaco sediment trap samples. Temperature corresponds to point color, where 
25°C is represented by blue, 60°C is represented by green, and 90°C is represented by 
red. Point shading represents acid type, where empty signifies 0.01M HCl, striped 
represents 25% acetic acid + hydroxylamine hydrochloride, and filled symbolizes 0.5M 
HCl. Size of points is representative of time leached with small points, medium points, 
and large points illustrating 10 minutes, 2 hours, and 24 hours, respectively. Generally, as 
mg Fe/ g MESS is dissolved δ56Fe becomes heavier and asymptotes to approximately 
+0.2‰. Individual data points are shown without averages or standard deviations. 
Analytical error is within the size of the points.  
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Figure 7.9 δ56Fe as a function of mg Fe/ g MESS samples leached by pH 7 oxalate-
EDTA leach at all temperatures and times. Circles represent Cariaco sediment trap 
samples and squares represent percent of leachate iron concentration that came from the 
oxalate-EDTA leach itself as a leach blank. Percent leach blank increases exponentially 
as amount of iron leached decreases. Size and color of points are for clarification only 
and do not correspond to experimental design. δ56Fe is not significantly influenced by mg 
Fe/ g MESS dissolved. Again, points asymptotes to approximately -0.2‰. Individual data 
points are shown without averages or standard deviations. Analytical error is within the 
size of the points.  
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Figure 7.10 δ56Fe as a function of mg Fe/ g Cariaco leached by pH 7 oxalate-EDTA 
leach with all temperatures and times. Circles represent MESS-3 sediment samples and 
squares represent percent of leachate iron concentration that came from the oxalate-
EDTA leach itself as a leach blank. Percent leach blank increases exponentially as 
amount of iron leached decreases. However, the blank contribution to Cariaco samples is 
far less than that of MESS. Size and color of points are for clarification only and do not 
correspond to experimental design. δ56Fe is not significantly influenced by mg Fe/ g 
MESS dissolved. Again, points asymptotes to approximately +0.2‰. Individual data 
points are shown without averages or standard deviations. Analytical error is within the 
size of the points.  
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Figure 8.1 Model of kinetic isotope effect. Green squares represent δ56Fe as a function of 
mg Fe/ g MESS leached by all acidic leaches, temperatures and times. Black line 
represents the best-fit curve as described by the kinetic isotope effect model. Cost 
function was determined by Excel GRG nonlinear solver to be 1.38. 
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Figure 8.2 Model of pooled particle effect. Green squares represent δ56Fe as a function of 
mg Fe/ g MESS leached by all acidic leaches, temperatures and times. Black line 
represents the best-fit curve as described by the kinetic isotope effect model. Cost 
function was determined by Excel GRG nonlinear solver to be 1.86. 
	  
	  
	  
	  
	  
-2!
-1.5!
-1!
-0.5!
0!
0.5!
0	   2	   4	   6	   8	   10	   12	   14	   16	   18	   20	  
δ5
6 F
e 
(‰
)!
Fe leached (mg/g)!
	  	  63 
	  
Figure 9.1 Leachable iron concentration (right) and corresponding δ56Fe profiles of the 
Mauritanian station from the US GEOTRACES North Atlantic transect (USGT10-9). 
Profiles are shown from 0 to 3000 meters. Data points do not indicate duplicate samples. 
Error bars represent propagation of error associated with the analytical and experimental 
error from the oxalate-EDTA blank.  
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Figure 9.2 Leachable iron concentration (right) and corresponding δ56Fe profiles of the 
Bermudan station from the US GEOTRACES North Atlantic transect (USGT11-10). 
Profiles are shown from 0 to 4500 meters. Data points do not indicate duplicate samples. 
Error bars represent propagation of error associated with the analytical and experimental 
error from the oxalate-EDTA blank.  
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Figure 9.3 Leachable iron concentration (right) and corresponding δ56Fe profiles of the 
Bermudan station from the US GEOTRACES North Atlantic transect (USGT11-16). 
Profiles are shown from 0 to 4500 meters. Data points do not indicate duplicate samples. 
Error bars represent propagation of error associated with the analytical and experimental 
error from the oxalate-EDTA blank.  
2900	  
3000	  
3100	  
3200	  
3300	  
3400	  
3500	  
3600	  
3700	  
0	   50	   100	  
De
pt
h	  
(m
)	  
leachable	  Fe	  (nM)	  
-2! 0! 2!
δ	  56Fe	  (‰	  )	  
	  
	  	  66 
REFERENCES Agemian,	  H.,	  and	  A.S.Y	  Chau.1976.	  “Evaluation	  of	  extraction	  techniques	  for	  determination	  of	  metals	  in	  aquatic	  sediments,”	  Analyst	  (London),	  101(1207),	  761-­‐767	  de	  Baar,	  H.J.W.,	  de	  Jong,	  J.T.M.,	  2001.	  D”istribution,	  sources	  and	  sinks	  of	  iron	  in	  seawater	  “Turner,	  D.,	  Hunter,	  K.A.	  (Eds.),	  Biogeochemistry	  of	  Iron	  in	  Seawater,	  IUPAC	  Book	  Series	  on	  Analytical	  and	  Physical	  Chemistry	  of	  Environmental	  Systems,	  vol.7.	  J.	  Wiley	  and	  Sons	  Ltd.,	  Chichester,	  England,	  pp.	  123–	  254.ISBN	  0-­‐471-­‐49068-­‐7.	  Beard,	  Brian	  L.,	  Clark	  M.	  Johnson,	  Joseph	  L.	  Skulan,	  Kenneth	  H.	  Nealson,	  Lea	  Cox,	  and	  Henry	  Sun.	  2003.	  “Application	  of	  Fe	  Isotopes	  to	  Tracing	  the	  Geochemical	  and	  Biological	  Cycling	  of	  Fe.”	  Chemical	  Geology	  195	  (1-­‐4)	  (April):	  87–117.	  doi:10.1016/S0009-­‐2541(02)00390-­‐X.	  http://linkinghub.elsevier.com/retrieve/pii/S000925410200390X.	  Bidle,	  Kay	  D,	  and	  Paul	  G	  Falkowski.	  2004.	  “Cell	  Death	  in	  Planktonic,	  Photosynthetic	  Microorganisms.”	  Nature	  Reviews.	  Microbiology	  2	  (8)	  (August):	  643–55.	  doi:10.1038/nrmicro956.	  http://www.ncbi.nlm.nih.gov/pubmed/15263899.	  Boye,	  Marie,	  Constant	  M.G.	  van	  den	  Berg,	  Jeroen	  T.M.	  de	  Jong,	  Harry	  Leach,	  Peter	  Croot,	  and	  Hein	  J.W.	  de	  Baar.	  2001.	  “Organic	  Complexation	  of	  Iron	  in	  the	  Southern	  Ocean.”	  Deep	  Sea	  Research	  Part	  I:	  Oceanographic	  Research	  Papers	  48	  (6)	  (June):	  1477–1497.	  doi:10.1016/S0967-­‐0637(00)00099-­‐6.	  http://linkinghub.elsevier.com/retrieve/pii/S0967063700000996.	  Castuita,	  M.,	  M.	  saito,	  P.C.	  Schottle,	  L.	  A.	  Elmegreen,	  S.	  Myneni,	  E.I.	  Stiefel,	  and	  F.	  M.	  M.	  Morel.	  2006.	  "Overexpression	  and	  chracterization	  of	  an	  iron	  stroage	  and	  DNA-­‐binding	  Dps	  protein	  from	  Trichodesmium	  erythraeum,"	  Appl.	  Environ.	  Microbiol.	  72(4),	  2918-­‐1914.	  Chapman,	  John	  B.,	  Dominik	  J.	  Weiss,	  Yao	  Shan,	  and	  Marcus	  Lemburger.	  2009.	  “Iron	  Isotope	  Fractionation	  During	  Leaching	  of	  Granite	  and	  Basalt	  by	  Hydrochloric	  and	  Oxalic	  Acids.”	  Geochimica	  Et	  Cosmochimica	  Acta	  73	  (5)	  (March):	  1312–1324.	  doi:10.1016/j.gca.2008.11.037.	  http://linkinghub.elsevier.com/retrieve/pii/S0016703708007278.
	  	  67 
Crosby,	  Heidi	  a.,	  Eric	  E.	  Roden,	  Clark	  M.	  Johnson,	  and	  Brian	  L.	  Beard.	  2007.	  “The	  Mechanisms	  of	  Iron	  Isotope	  Fractionation	  Produced	  During	  Dissimilatory	  Fe(III)	  Reduction	  by	  Shewanella	  Putrefaciens	  and	  Geobacter	  Sulfurreducens.”	  
Geobiology	  5	  (2)	  (June):	  169–189.	  doi:10.1111/j.1472-­‐4669.2007.00103.x.	  http://doi.wiley.com/10.1111/j.1472-­‐4669.2007.00103.x.	  Dideriksen,	  K.,	  J.a.	  Baker,	  and	  S.L.S.	  Stipp.	  2008.	  “Equilibrium	  Fe	  Isotope	  Fractionation	  Between	  Inorganic	  Aqueous	  Fe(III)	  and	  the	  Siderophore	  Complex,	  Fe(III)-­‐desferrioxamine	  B.”	  Earth	  and	  Planetary	  Science	  Letters	  269	  (1-­‐2)	  (May):	  280–290.	  doi:10.1016/j.epsl.2008.02.022.	  http://linkinghub.elsevier.com/retrieve/pii/S0012821X08001283.	  Escoube,	  Raphaelle,	  Olivier	  J.	  Rouxel,	  Edward	  Sholkovitz,	  and	  Olivier	  F.X.	  Donard.	  2009.	  “Iron	  Isotope	  Systematics	  in	  Estuaries:	  The	  Case	  of	  North	  River,	  Massachusetts	  (USA).”	  Geochimica	  Et	  Cosmochimica	  Acta	  73	  (14)	  (July):	  4045–4059.	  doi:10.1016/j.gca.2009.04.026.	  http://linkinghub.elsevier.com/retrieve/pii/S0016703709002476.	  Fan,	  Song-­‐Miao,	  Walter	  J.	  Moxim,	  and	  Hiram	  Levy.	  2006.	  “Aeolian	  Input	  of	  Bioavailable	  Iron	  to	  the	  Ocean.”	  Geophysical	  Research	  Letters	  33	  (7):	  L07602.	  doi:10.1029/2005GL024852.	  http://www.agu.org/pubs/crossref/2006/2005GL024852.shtml.	  Guelke,	  Monika,	  and	  Friedhelm	  Von	  Blanckenburg.	  2007.	  “Fractionation	  of	  Stable	  Iron	  Isotopes	  in	  Higher	  Plants.”	  Environmental	  Science	  &	  Technology	  41	  (6)	  (March	  15):	  1896–901.	  http://www.ncbi.nlm.nih.gov/pubmed/17410781.	  Hall,	  G.E.M.,	  J.E.	  Vaive,	  R.	  Beer,	  and	  M.	  Hoashi.	  1996.	  “Selective	  Leaches	  Revisited,	  with	  Emphasis	  on	  the	  Amorphous	  Fe	  Oxyhydroxide	  Phase	  Extraction.”	  Journal	  
of	  Geochemical	  Exploration	  56	  (1)	  (June):	  59–78.	  doi:10.1016/0375-­‐6742(95)00050-­‐X.	  http://linkinghub.elsevier.com/retrieve/pii/037567429500050X.	  Homoky,	  W.B.,	  S.	  Severmann,	  R.a.	  Mills,	  P.J.	  Statham,	  and	  G.R.	  Fones.	  2009.	  “Pore-­‐fluid	  Fe	  Isotopes	  Reflect	  the	  Extent	  of	  Benthic	  Fe	  Redox	  Recycling:	  Evidence	  from	  Continental	  Shelf	  and	  Deep-­‐sea	  Sediments.”	  Geology	  37	  (8)	  (July	  30):	  751–754.	  doi:10.1130/G25731A.1.	  http://geology.gsapubs.org/cgi/doi/10.1130/G25731A.1.	  Huerta-­‐Diaz,	  M.A.,	  Morse,	  J.W.,	  1990.	  A	  quantitative	  method	  for	  determination	  of	  trace	  metal	  concentrations	  in	  sedimentary	  pyrite.	  Mar.	  Chem.	  29,	  119–144.	  Hurst,	  Matthew	  P.,	  and	  Kenneth	  W.	  Bruland.	  2007.	  “An	  Investigation	  into	  the	  Exchange	  of	  Iron	  and	  Zinc	  Between	  Soluble,	  Colloidal,	  and	  Particulate	  Size-­‐fractions	  in	  Shelf	  Waters	  Using	  Low-­‐abundance	  Isotopes	  as	  Tracers	  in	  Shipboard	  Incubation	  Experiments.”	  Marine	  Chemistry	  103	  (3-­‐4)	  (January):	  
	  	  68 
211–226.	  doi:10.1016/j.marchem.2006.07.001.	  http://linkinghub.elsevier.com/retrieve/pii/S030442030600123X.	  John,	  Seth	  G.,	  and	  Jess	  Adkins.	  2012.	  “The	  Vertical	  Distribution	  of	  Iron	  Stable	  Isotopes	  in	  the	  North	  Atlantic	  Near	  Bermuda.”	  Global	  Biogeochemical	  Cycles	  26	  (2)	  (June	  15):	  n/a–n/a.	  doi:10.1029/2011GB004043.	  http://doi.wiley.com/10.1029/2011GB004043.	  John,	  Seth	  G.,	  and	  Jess	  F.	  Adkins.	  2010.	  “Analysis	  of	  Dissolved	  Iron	  Isotopes	  in	  Seawater.”	  Marine	  Chemistry	  119	  (1-­‐4)	  (April):	  65–76.	  doi:10.1016/j.marchem.2010.01.001.	  http://linkinghub.elsevier.com/retrieve/pii/S0304420310000022.	  Johnson,	  Clark	  M.,	  Brian	  L.	  Beard,	  and	  Eric	  E.	  Roden.	  2008.	  “The	  Iron	  Isotope	  Fingerprints	  of	  Redox	  and	  Biogeochemical	  Cycling	  in	  Modern	  and	  Ancient	  Earth.”	  Annual	  Review	  of	  Earth	  and	  Planetary	  Sciences	  36	  (1)	  (May):	  457–493.	  doi:10.1146/annurev.earth.36.031207.124139.	  http://www.annualreviews.org/doi/abs/10.1146/annurev.earth.36.031207.124139.	  De	  Jong,	  Jeroen,	  Véronique	  Schoemann,	  Jean-­‐Louis	  Tison,	  Sylvie	  Becquevort,	  Florence	  Masson,	  Delphine	  Lannuzel,	  Jérôme	  Petit,	  Lei	  Chou,	  Dominique	  Weis,	  and	  Nadine	  Mattielli.	  2007.	  “Precise	  Measurement	  of	  Fe	  Isotopes	  in	  Marine	  Samples	  by	  Multi-­‐collector	  Inductively	  Coupled	  Plasma	  Mass	  Spectrometry	  (MC-­‐ICP-­‐MS).”	  Analytica	  Chimica	  Acta	  589	  (1)	  (April	  18):	  105–19.	  doi:10.1016/j.aca.2007.02.055.	  http://www.ncbi.nlm.nih.gov/pubmed/17397660.	  Kiczka,	  Mirjam,	  Jan	  G.	  Wiederhold,	  Jakob	  Frommer,	  Stephan	  M.	  Kraemer,	  Bernard	  Bourdon,	  and	  Ruben	  Kretzschmar.	  2010.	  “Iron	  Isotope	  Fractionation	  During	  Proton-­‐	  and	  Ligand-­‐promoted	  Dissolution	  of	  Primary	  Phyllosilicates.”	  
Geochimica	  Et	  Cosmochimica	  Acta	  74	  (11)	  (June):	  3112–3128.	  doi:10.1016/j.gca.2010.02.018.	  http://linkinghub.elsevier.com/retrieve/pii/S0016703710000888.	  Koschinsky,	  Andrea,	  Ulrich	  Fritsche,	  and	  Andreas	  Winkler.	  2001.	  “Sequential	  Leaching	  of	  Peru	  Basin	  Surface	  Sediment	  for	  the	  Assessment	  of	  Aged	  and	  Fresh	  Heavy	  Metal	  Associations	  and	  Mobility.”	  Deep	  Sea	  Research	  Part	  II:	  Topical	  
Studies	  in	  Oceanography	  48	  (17-­‐18)	  (January):	  3683–3699.	  doi:10.1016/S0967-­‐0645(01)00062-­‐5.	  http://linkinghub.elsevier.com/retrieve/pii/S0967064501000625.	  Lacan,	  Francois,	  Amandine	  Radic,	  Marie	  Labatut,	  Catherine	  Jeandel,	  Franck	  Poitrasson,	  Geraldine	  Sarthou,	  Catherine	  Pradoux,	  Jerome	  Chmeleff,	  and	  Remi	  Freydier.	  2010.	  “High-­‐precision	  Determination	  of	  the	  Isotopic	  Composition	  of	  Dissolved	  Iron	  in	  Iron	  Depleted	  Seawater	  by	  Double	  Spike	  multicollector-­‐
	  	  69 
ICPMS.”	  Analytical	  Chemistry	  82	  (17)	  (September	  1):	  7103–11.	  doi:10.1021/ac1002504.	  http://www.ncbi.nlm.nih.gov/pubmed/20701301.	  Lam,	  Phoebe	  J.,	  and	  James	  K.	  B.	  Bishop.	  2008.	  “The	  Continental	  Margin	  Is	  a	  Key	  Source	  of	  Iron	  to	  the	  HNLC	  North	  Pacific	  Ocean.”	  Geophysical	  Research	  Letters	  35	  (7)	  (April	  9):	  n/a–n/a.	  doi:10.1029/2008GL033294.	  http://doi.wiley.com/10.1029/2008GL033294.	  Martinez,	  N,	  R	  Murray,	  R	  Thunell,	  L	  Peterson,	  F	  Mullerkarger,	  Y	  Astor,	  and	  R	  Varela.	  2007.	  “Modern	  Climate	  Forcing	  of	  Terrigenous	  Deposition	  in	  the	  Tropics	  (Cariaco	  Basin,	  Venezuela).”	  Earth	  and	  Planetary	  Science	  Letters	  264	  (3-­‐4)	  (December	  30):	  438–451.	  doi:10.1016/j.epsl.2007.10.002.	  http://linkinghub.elsevier.com/retrieve/pii/S0012821X07006371.	  Polyakov,	  V.B.,	  Mineev,	  S.D.,	  2000.	  The	  use	  of	  Mo	  ¨ssbauer	  spectroscopy	  in	  stable	  isotope	  geochemistry.	  Geochim.	  Cosmochim.	  Acta	  64,	  849–	  865.	  Radic,	  Amandine,	  Francois	  Lacan,	  and	  James	  W.	  Murray.	  2011.	  “Iron	  Isotopes	  in	  the	  Seawater	  of	  the	  Equatorial	  Pacific	  Ocean:	  New	  Constraints	  for	  the	  Oceanic	  Iron	  Cycle.”	  Earth	  and	  Planetary	  Science	  Letters	  306	  (1-­‐2)	  (June):	  1–10.	  doi:10.1016/j.epsl.2011.03.015.	  http://linkinghub.elsevier.com/retrieve/pii/S0012821X11001592.	  Rouxel,	  O,	  W	  Shanksiii,	  W	  Bach,	  and	  K	  Edwards.	  2008.	  “Integrated	  Fe-­‐	  and	  S-­‐isotope	  Study	  of	  Seafloor	  Hydrothermal	  Vents	  at	  East	  Pacific	  Rise	  9–10°N.”	  Chemical	  
Geology	  252	  (3-­‐4)	  (July	  15):	  214–227.	  doi:10.1016/j.chemgeo.2008.03.009.	  http://linkinghub.elsevier.com/retrieve/pii/S0009254108001101.	  Severmann,	  Silke,	  Clark	  M.	  Johnson,	  Brian	  L.	  Beard,	  and	  James	  McManus.	  2006.	  “The	  Effect	  of	  Early	  Diagenesis	  on	  the	  Fe	  Isotope	  Compositions	  of	  Porewaters	  and	  Authigenic	  Minerals	  in	  Continental	  Margin	  Sediments.”	  Geochimica	  Et	  
Cosmochimica	  Acta	  70	  (8)	  (April):	  2006–2022.	  doi:10.1016/j.gca.2006.01.007.	  http://linkinghub.elsevier.com/retrieve/pii/S0016703706000342.	  Severmann,	  Silke,	  James	  McManus,	  William	  M.	  Berelson,	  and	  Douglas	  E.	  Hammond.	  2010.	  “The	  Continental	  Shelf	  Benthic	  Iron	  Flux	  and	  Its	  Isotope	  Composition.”	  
Geochimica	  Et	  Cosmochimica	  Acta	  74	  (14)	  (July):	  3984–4004.	  doi:10.1016/j.gca.2010.04.022.	  http://linkinghub.elsevier.com/retrieve/pii/S0016703710002073.	  Sharma,	  M.,	  M.	  Polizzotto,	  and	  a.D.	  Anbar.	  2001.	  “Iron	  Isotopes	  in	  Hot	  Springs	  Along	  the	  Juan	  De	  Fuca	  Ridge.”	  Earth	  and	  Planetary	  Science	  Letters	  194	  (1-­‐2)	  (December):	  39–51.	  doi:10.1016/S0012-­‐821X(01)00538-­‐6.	  http://linkinghub.elsevier.com/retrieve/pii/S0012821X01005386.	  
	  	  70 
Schauble,	  E.A.,	  Rossman,	  G.R.,	  Taylor,	  H.P.,	  2001.	  Theoretical	  estimates	  of	  equilibrium	  Fe-­‐isotope	  fractionations	  from	  vibrational	  spectrosco-­‐	  py.	  Geochim.	  Cosmochim.	  Acta	  65,	  2487–2497.	  	  Sulzberger,	  Barbara,	  and	  Hansulrich	  Laubscher.	  1995.	  “Reactivity	  of	  Various	  Types	  of	  Iron	  (	  II1	  )	  (	  Hydr	  )	  Oxides	  Towards	  Light-­‐induced	  Dissolution”	  50:	  103–115.	  Thunell,	  Robert	  C,	  Ramon	  Varela,	  Martin	  Llano,	  James	  Collister,	  Frank	  Muller-­‐,	  Richard	  Bohrer,	  Frank	  Muller-­‐karger,	  South	  Florida,	  and	  St	  Petersburg.	  2013.	  “In	  an	  Anoxic	  Basin :	  Sediment	  and	  Accumulation	  Trap	  Organic	  Carbon	  Fluxes	  ,	  Degradation	  ,	  Results	  from	  the	  Cariaco	  Basin”	  45	  (2):	  300–308.	  Tovar-­‐Sanchez,	  Antonio,	  Sergio	  a	  Sañudo-­‐Wilhelmy,	  Manuel	  Garcia-­‐Vargas,	  Richard	  S	  Weaver,	  Linda	  C	  Popels,	  and	  David	  a	  Hutchins.	  2003.	  “A	  Trace	  Metal	  Clean	  Reagent	  to	  Remove	  Surface-­‐bound	  Iron	  from	  Marine	  Phytoplankton.”	  Marine	  
Chemistry	  82	  (1-­‐2)	  (June):	  91–99.	  doi:10.1016/S0304-­‐4203(03)00054-­‐9.	  http://linkinghub.elsevier.com/retrieve/pii/S0304420303000549.	  Tuner,	  A.,	  and	  Y.S.	  Olsen.	  2000.	  Chemical	  versus	  enzymatic	  digestion	  of	  contaminated	  estuarine	  sediment:	  "Relative	  importnace	  of	  iron	  and	  manganese	  oxides	  in	  controlling	  trace	  metal	  bioavailability",	  Estuarine	  coastal	  Shelf	  Sci,	  51(6),	  717-­‐728.	  Viollier,	  E,	  P.W	  Inglett,	  K	  Hunter,	  a.N	  Roychoudhury,	  and	  P	  Van	  Cappellen.	  2000.	  “The	  Ferrozine	  Method	  Revisited:	  Fe(II)/Fe(III)	  Determination	  in	  Natural	  Waters.”	  Applied	  Geochemistry	  15	  (6)	  (July):	  785–790.	  doi:10.1016/S0883-­‐2927(99)00097-­‐9.	  http://linkinghub.elsevier.com/retrieve/pii/S0883292799000979.	  Wiederhold,	  Jan	  G,	  Stephan	  M	  Kraemer,	  Nadya	  Teutsch,	  Paul	  M	  Borer,	  Alex	  N	  Halliday,	  and	  Ruben	  Kretzschmar.	  2006.	  “Iron	  Isotope	  Fractionation	  During	  Proton-­‐promoted,	  Ligand-­‐controlled,	  and	  Reductive	  Dissolution	  of	  Goethite.”	  
Environmental	  Science	  &	  Technology	  40	  (12)	  (June	  15):	  3787–93.	  http://www.ncbi.nlm.nih.gov/pubmed/16830543.	  Wiederhold,	  Jan	  G.,	  Nadya	  Teutsch,	  Stephan	  M.	  Kraemer,	  Alex	  N.	  Halliday,	  and	  Ruben	  Kretzschmar.	  2007.	  “Iron	  Isotope	  Fractionation	  in	  Oxic	  Soils	  by	  Mineral	  Weathering	  and	  Podzolization.”	  Geochimica	  Et	  Cosmochimica	  Acta	  71	  (23)	  (December):	  5821–5833.	  doi:10.1016/j.gca.2007.07.023.	  http://linkinghub.elsevier.com/retrieve/pii/S0016703707004711.	  Zinder,	  B.,	  Furrer,	  G.,	  Summ,	  W.	  1986.	  "The	  coordination	  of	  chemistry	  of	  weathering:	  II.	  Dissolution	  of	  Fe(III)	  oxides,"	  Geochemica	  Acta.	  50(9)	  1861-­‐1869.
	  	  71 
	  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	  	  72 
Appendix A – Data compilation 
Internal	  
sample	  ID	  
External	  
Sample	  ID	   Leach	   Sample	   Heat	  (C)	   Time	  (hr)	   Fe	  mg/g	  	  
	  NLT2R-­‐1	   R1-­‐1	   Ox:EDTA	   Cariaco	   25	   1/6	   4.34	  
	  NLT2R-­‐2	   R1-­‐2	   Ox:EDTA	   Cariaco	   25	   1/6	   6.12	  
	  NLT2R-­‐3	   R1-­‐3	   Ox:EDTA	   MESS	   25	   1/6	   2.54	  
	  NLT2R-­‐4	   R1-­‐4	   Ox:EDTA	   MESS	   25	   1/6	   3.55	  
	  NLT2R-­‐5	   R1-­‐5	   Ox:EDTA	   Cariaco	   60	   1/6	   5.46	  
	  NLT2R-­‐6	   R1-­‐6	   Ox:EDTA	   Cariaco	   60	   1/6	   12.27	  
	  NLT2R-­‐7	   R1-­‐7	   Ox:EDTA	   MESS	   60	   1/6	   3.24	  
	  NLT2R-­‐8	   R1-­‐8	   Ox:EDTA	   MESS	   60	   1/6	   5.27	  
	  NLT2R-­‐9	   R1-­‐9	   Ox:EDTA	   Cariaco	   90	   1/6	   5.18	  
	  NLT2R-­‐10	   R1-­‐10	   Ox:EDTA	   Cariaco	   90	   1/6	   4.23	  
	  NLT2R-­‐11	   R1-­‐11	   Ox:EDTA	   MESS	   90	   1/6	   4.55	  
	  NLT2R-­‐12	   R1-­‐12	   Ox:EDTA	   MESS	   25	   2	   3.37	  
	  NLT2R-­‐13	   R1-­‐13	   Ox:EDTA	   Cariaco	   25	   2	   4.64	  
	  NLT2R-­‐14	   R1-­‐14	   Ox:EDTA	   Cariaco	   25	   2	   6.60	  
	  NLT2R-­‐15	   R1-­‐15	   Ox:EDTA	   MESS	   25	   2	   4.36	  
	  NLT2R-­‐16	   R1-­‐16	   Ox:EDTA	   MESS	   60	   2	   6.54	  
	  NLT2R-­‐17	   R1-­‐17	   Ox:EDTA	   Cariaco	   60	   2	   10.90	  
	  NLT2R-­‐18	   R1-­‐18	   Ox:EDTA	   Cariaco	   60	   2	   7.38	  
	  NLT2R-­‐19	   R1-­‐19	   Ox:EDTA	   MESS	   60	   2	   11.01	  
	  NLT2R-­‐20	   R1-­‐20	   Ox:EDTA	   MESS	   90	   2	   7.43	  
	  NLT2R-­‐21	   R1-­‐21	   Ox:EDTA	   Cariaco	   90	   2	   6.88	  
	  NLT2R-­‐22	   R1-­‐22	   Ox:EDTA	   Cariaco	   90	   2	   8.86	  
	  NLT2R-­‐23	   R1-­‐23	   Ox:EDTA	   MESS	   25	   24	   28.45	  
	  NLT2R-­‐24	   R1-­‐24	   Ox:EDTA	   MESS	   25	   24	   21.16	  
	  NLT2R-­‐25	   R1-­‐25	   Ox:EDTA	   Cariaco	   25	   24	   4.15	  
	  NLT2R-­‐26	   R1-­‐26	   Ox:EDTA	   Cariaco	   25	   24	   5.90	  
	  NLT2R-­‐27	   R1-­‐27	   Ox:EDTA	   MESS	   60	   24	   4.56	  
	  NLT2R-­‐28	   R1-­‐28	   Ox:EDTA	   MESS	   60	   24	   3.69	  
	  NLT2R-­‐29	   R1-­‐29	   Ox:EDTA	   Cariaco	   60	   24	   9.43	  
	  NLT2R-­‐30	   R1-­‐30	   Ox:EDTA	   Cariaco	   60	   24	   9.19	  
	  NLT2R-­‐31	   R1-­‐31	   Ox:EDTA	   MESS	   90	   24	   22.43	  
	  NLT2R-­‐32	   R1-­‐32	   Ox:EDTA	   MESS	   90	   24	   16.14	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ox	  blank	  
corrected	  
d56Fe	  
sample	  (‰)	  
d56Fe	  
sample	  (‰)	   F	  blank	  
d56Fe	  blank	  
(‰)	  
sample	  
weight	  (g)	  
Leachate	  
Volume	  
(ml)	   Al27	  (g/g)	  
0.39	   0.34	   0.27	   0.20	   1.02E-­‐03	   6.50	   1.81E-­‐05	  
0.35	   0.32	   0.21	   0.20	   9.40E-­‐04	   6.30	   2.04E-­‐05	  
0.61	   0.45	   0.40	   0.20	   8.66E-­‐04	   5.90	   4.72E-­‐05	  
0.55	   0.43	   0.35	   0.20	   8.66E-­‐04	   6.60	   8.12E-­‐05	  
0.32	   0.29	   0.21	   0.20	   1.17E-­‐03	   6.90	   2.23E-­‐05	  
0.27	   0.26	   0.11	   0.20	   1.09E-­‐03	   6.90	   2.50E-­‐05	  
0.60	   0.44	   0.40	   0.20	   8.66E-­‐04	   7.50	   8.54E-­‐05	  
0.43	   0.36	   0.29	   0.20	   8.66E-­‐04	   7.60	   1.16E-­‐04	  
0.28	   0.26	   0.20	   0.20	   9.80E-­‐04	   5.10	   4.21E-­‐05	  
0.32	   0.30	   0.21	   0.20	   1.20E-­‐03	   5.30	   -­‐1.27E-­‐06	  
0.25	   0.24	   0.27	   0.20	   8.66E-­‐04	   5.80	   1.50E-­‐04	  
0.26	   0.24	   0.30	   0.20	   8.66E-­‐04	   5.10	   -­‐1.71E-­‐06	  
0.25	   0.24	   0.22	   0.20	   1.12E-­‐03	   6.00	   2.47E-­‐05	  
0.21	   0.21	   0.20	   0.20	   1.01E-­‐03	   6.95	   1.99E-­‐05	  
0.40	   0.34	   0.31	   0.20	   8.66E-­‐04	   6.95	   6.62E-­‐05	  
0.39	   0.34	   0.26	   0.20	   8.66E-­‐04	   8.00	   8.73E-­‐05	  
0.27	   0.26	   0.16	   0.20	   9.00E-­‐04	   7.50	   3.35E-­‐05	  
0.32	   0.30	   0.19	   0.20	   1.00E-­‐03	   7.00	   2.93E-­‐05	  
-­‐0.04	   0.00	   0.16	   0.20	   8.66E-­‐04	   7.50	   3.03E-­‐04	  
-­‐0.21	   -­‐0.12	   0.22	   0.20	   8.66E-­‐04	   7.50	   1.13E-­‐04	  
0.26	   0.25	   0.15	   0.20	   1.09E-­‐03	   5.45	   1.98E-­‐05	  
0.25	   0.25	   0.13	   0.20	   1.01E-­‐03	   5.50	   3.00E-­‐05	  
-­‐0.16	   -­‐0.13	   0.07	   0.20	   8.66E-­‐04	   8.00	   7.01E-­‐05	  
-­‐0.11	   -­‐0.08	   0.07	   0.20	   8.66E-­‐04	   5.50	   5.06E-­‐05	  
0.26	   0.24	   0.28	   0.20	   9.70E-­‐04	   6.40	   2.77E-­‐05	  
0.23	   0.23	   0.22	   0.20	   1.05E-­‐03	   6.90	   2.11E-­‐05	  
-­‐0.02	   0.04	   0.27	   0.20	   8.66E-­‐04	   6.00	   9.72E-­‐05	  
-­‐0.05	   0.03	   0.32	   0.20	   8.66E-­‐04	   6.00	   3.47E-­‐05	  
0.27	   0.26	   0.17	   0.20	   9.90E-­‐04	   7.50	   3.66E-­‐05	  
0.24	   0.24	   0.17	   0.20	   1.01E-­‐03	   7.50	   3.27E-­‐05	  
-­‐0.28	   -­‐0.23	   0.10	   0.20	   8.66E-­‐04	   8.50	   1.48E-­‐04	  
-­‐0.36	   -­‐0.29	   0.12	   0.20	   8.66E-­‐04	   7.45	   1.09E-­‐04	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Internal	  
sample	  ID	  
External	  
Sample	  ID	   Ca44(g/g)	   Co59(g/g)	   Cr52(g/g)	   Cu63(g/g)	   Fe56(g/g)	  
	  NLT2R-­‐1	   R1-­‐1	   5.43E-­‐04	   -­‐3.66E-­‐09	   3.14E-­‐08	   2.65E-­‐07	   5.94E-­‐03	  
	  NLT2R-­‐2	   R1-­‐2	   6.79E-­‐04	   1.29E-­‐08	   5.66E-­‐07	   3.99E-­‐07	   7.36E-­‐03	  
	  NLT2R-­‐3	   R1-­‐3	   8.63E-­‐04	   -­‐1.76E-­‐10	   1.89E-­‐07	   9.88E-­‐07	   5.58E-­‐03	  
	  NLT2R-­‐4	   R1-­‐4	   7.73E-­‐04	   -­‐2.29E-­‐09	   1.19E-­‐07	   4.57E-­‐07	   6.15E-­‐03	  
	  NLT2R-­‐5	   R1-­‐5	   7.02E-­‐04	   -­‐4.58E-­‐09	   3.82E-­‐08	   5.40E-­‐07	   8.59E-­‐03	  
	  NLT2R-­‐6	   R1-­‐6	   7.82E-­‐04	   -­‐1.64E-­‐10	   7.92E-­‐08	   1.05E-­‐06	   9.91E-­‐03	  
	  NLT2R-­‐7	   R1-­‐7	   1.00E-­‐03	   -­‐1.52E-­‐09	   2.36E-­‐07	   7.03E-­‐07	   6.67E-­‐03	  
	  NLT2R-­‐8	   R1-­‐8	   1.04E-­‐03	   1.51E-­‐07	   2.85E-­‐07	   6.40E-­‐07	   9.60E-­‐03	  
	  NLT2R-­‐9	   R1-­‐9	   7.44E-­‐04	   0.00E+00	   4.08E-­‐08	   7.54E-­‐07	   7.96E-­‐03	  
	  NLT2R-­‐10	   R1-­‐10	   -­‐3.52E-­‐06	   -­‐1.26E-­‐09	   -­‐6.33E-­‐09	   -­‐4.01E-­‐08	   -­‐3.05E-­‐07	  
	  NLT2R-­‐11	   R1-­‐11	   6.36E-­‐04	   -­‐2.64E-­‐09	   1.57E-­‐07	   3.14E-­‐07	   7.20E-­‐03	  
	  NLT2R-­‐12	   R1-­‐12	   -­‐4.54E-­‐06	   -­‐2.65E-­‐09	   -­‐4.82E-­‐09	   -­‐5.52E-­‐08	   -­‐3.98E-­‐07	  
	  NLT2R-­‐13	   R1-­‐13	   6.73E-­‐04	   -­‐1.97E-­‐09	   9.41E-­‐08	   4.36E-­‐07	   6.89E-­‐03	  
	  NLT2R-­‐14	   R1-­‐14	   6.24E-­‐04	   -­‐7.48E-­‐10	   5.13E-­‐08	   5.72E-­‐07	   7.64E-­‐03	  
	  NLT2R-­‐15	   R1-­‐15	   1.17E-­‐03	   -­‐2.43E-­‐09	   1.47E-­‐07	   1.23E-­‐06	   7.33E-­‐03	  
	  NLT2R-­‐16	   R1-­‐16	   1.11E-­‐03	   1.53E-­‐08	   5.70E-­‐07	   8.44E-­‐07	   9.59E-­‐03	  
	  NLT2R-­‐17	   R1-­‐17	   1.08E-­‐03	   4.74E-­‐08	   4.83E-­‐07	   6.74E-­‐07	   1.37E-­‐02	  
	  NLT2R-­‐18	   R1-­‐18	   9.07E-­‐04	   2.37E-­‐09	   2.28E-­‐07	   2.56E-­‐06	   1.10E-­‐02	  
	  NLT2R-­‐19	   R1-­‐19	   1.07E-­‐03	   8.18E-­‐08	   2.49E-­‐06	   1.16E-­‐06	   1.55E-­‐02	  
	  NLT2R-­‐20	   R1-­‐20	   9.47E-­‐04	   8.44E-­‐08	   1.52E-­‐06	   4.06E-­‐07	   1.02E-­‐02	  
	  NLT2R-­‐21	   R1-­‐21	   6.21E-­‐04	   -­‐8.80E-­‐10	   6.16E-­‐08	   2.68E-­‐07	   9.73E-­‐03	  
	  NLT2R-­‐22	   R1-­‐22	   7.67E-­‐04	   9.00E-­‐09	   2.13E-­‐07	   2.25E-­‐06	   1.23E-­‐02	  
	  NLT2R-­‐23	   R1-­‐23	   1.07E-­‐03	   2.77E-­‐09	   2.22E-­‐07	   6.66E-­‐07	   4.61E-­‐02	  
	  NLT2R-­‐24	   R1-­‐24	   6.74E-­‐04	   1.64E-­‐10	   1.18E-­‐07	   2.60E-­‐07	   2.70E-­‐02	  
	  NLT2R-­‐25	   R1-­‐25	   6.38E-­‐04	   -­‐3.14E-­‐09	   6.20E-­‐08	   3.52E-­‐07	   7.03E-­‐03	  
	  NLT2R-­‐26	   R1-­‐26	   6.52E-­‐04	   2.13E-­‐09	   7.83E-­‐08	   5.85E-­‐07	   8.95E-­‐03	  
	  NLT2R-­‐27	   R1-­‐27	   7.56E-­‐04	   -­‐9.33E-­‐10	   3.35E-­‐07	   6.14E-­‐07	   6.82E-­‐03	  
	  NLT2R-­‐28	   R1-­‐28	   7.01E-­‐04	   -­‐4.05E-­‐09	   1.15E-­‐07	   6.40E-­‐07	   6.05E-­‐03	  
	  NLT2R-­‐29	   R1-­‐29	   9.18E-­‐04	   -­‐5.88E-­‐09	   2.44E-­‐07	   1.28E-­‐06	   1.37E-­‐02	  
	  NLT2R-­‐30	   R1-­‐30	   9.82E-­‐04	   1.21E-­‐08	   3.07E-­‐07	   1.26E-­‐06	   1.38E-­‐02	  
	  NLT2R-­‐31	   R1-­‐31	   1.13E-­‐03	   -­‐1.06E-­‐08	   1.25E-­‐07	   3.68E-­‐07	   2.93E-­‐02	  
	  NLT2R-­‐32	   R1-­‐32	   9.06E-­‐04	   -­‐6.24E-­‐09	   1.53E-­‐07	   3.57E-­‐07	   1.84E-­‐02	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Internal	  
sample	  ID	  
External	  
Sample	  ID	   Zn64(g/g)	   Zn66(g/g)	   Flag	  
	  NLT2R-­‐1	   R1-­‐1	   2.58E-­‐07	   2.41E-­‐07	   *	  
	  NLT2R-­‐2	   R1-­‐2	   2.83E-­‐06	   2.69E-­‐06	   *	  
	  NLT2R-­‐3	   R1-­‐3	   4.03E-­‐06	   3.99E-­‐06	   *	  
	  NLT2R-­‐4	   R1-­‐4	   4.27E-­‐06	   4.16E-­‐06	   *	  
	  NLT2R-­‐5	   R1-­‐5	   -­‐2.37E-­‐08	   -­‐5.91E-­‐08	   *	  
	  NLT2R-­‐6	   R1-­‐6	   5.98E-­‐06	   6.02E-­‐06	   *	  
	  NLT2R-­‐7	   R1-­‐7	   -­‐2.17E-­‐07	   -­‐1.15E-­‐07	   *	  
	  NLT2R-­‐8	   R1-­‐8	   5.70E-­‐06	   5.58E-­‐06	   *	  
	  NLT2R-­‐9	   R1-­‐9	   2.49E-­‐06	   2.40E-­‐06	   *	  
	  NLT2R-­‐10	   R1-­‐10	   -­‐2.71E-­‐07	   -­‐1.96E-­‐07	   *	  
	  NLT2R-­‐11	   R1-­‐11	   2.14E-­‐06	   2.03E-­‐06	   *	  
	  NLT2R-­‐12	   R1-­‐12	   -­‐3.62E-­‐07	   -­‐2.80E-­‐07	   *	  
	  NLT2R-­‐13	   R1-­‐13	   -­‐1.75E-­‐07	   -­‐1.25E-­‐07	   *	  
	  NLT2R-­‐14	   R1-­‐14	   2.34E-­‐08	   -­‐7.59E-­‐09	   *	  
	  NLT2R-­‐15	   R1-­‐15	   1.13E-­‐05	   1.19E-­‐05	   *	  
	  NLT2R-­‐16	   R1-­‐16	   6.56E-­‐08	   8.86E-­‐11	   *	  
	  NLT2R-­‐17	   R1-­‐17	   1.88E-­‐07	   1.11E-­‐07	   *	  
	  NLT2R-­‐18	   R1-­‐18	   4.13E-­‐07	   3.74E-­‐07	   *	  
	  NLT2R-­‐19	   R1-­‐19	   1.42E-­‐06	   1.29E-­‐06	   *	  
	  NLT2R-­‐20	   R1-­‐20	   5.86E-­‐07	   4.53E-­‐07	   *	  
	  NLT2R-­‐21	   R1-­‐21	   -­‐1.81E-­‐07	   -­‐1.19E-­‐07	   *	  
	  NLT2R-­‐22	   R1-­‐22	   1.46E-­‐07	   1.15E-­‐07	   *	  
	  NLT2R-­‐23	   R1-­‐23	   1.25E-­‐06	   1.08E-­‐06	   *	  
	  NLT2R-­‐24	   R1-­‐24	   -­‐2.73E-­‐07	   -­‐1.81E-­‐07	   *	  
	  NLT2R-­‐25	   R1-­‐25	   -­‐2.87E-­‐07	   -­‐2.13E-­‐07	   *	  
	  NLT2R-­‐26	   R1-­‐26	   -­‐1.40E-­‐07	   -­‐1.23E-­‐07	   *	  
	  NLT2R-­‐27	   R1-­‐27	   6.62E-­‐07	   6.71E-­‐07	   *	  
	  NLT2R-­‐28	   R1-­‐28	   3.89E-­‐06	   3.86E-­‐06	   *	  
	  NLT2R-­‐29	   R1-­‐29	   3.08E-­‐06	   3.10E-­‐06	   *	  
	  NLT2R-­‐30	   R1-­‐30	   4.34E-­‐06	   4.41E-­‐06	   *	  
	  NLT2R-­‐31	   R1-­‐31	   -­‐4.13E-­‐07	   -­‐3.14E-­‐07	   *	  
	  NLT2R-­‐32	   R1-­‐32	   -­‐4.19E-­‐07	   -­‐3.41E-­‐07	   *	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Internal	  
sample	  ID	  
External	  
Sample	  ID	   Leach	   Sample	   Heat	  (C)	   Time	  (hr)	   Fe	  mg/g	  	  
NLT3-­‐1	   R2-­‐1	   Ox:EDTA	   MESS	   25	   1/6	   0.14	  
NLT3-­‐2	   R2-­‐2	   Ox:EDTA	   MESS	   25	   1/6	   0.15	  
NLT3-­‐3	   R2-­‐3	   Ox:EDTA	   MESS	   60	   1/6	   0.32	  
NLT3-­‐4	   R2-­‐4	   Ox:EDTA	   MESS	   60	   1/6	   0.42	  
NLT3-­‐5	   R2-­‐5	   Ox:EDTA	   MESS	   90	   1/6	   0.62	  
NLT3-­‐6	   R2-­‐6	   Ox:EDTA	   MESS	   90	   1/6	   1.01	  
NLT3-­‐7	   R2-­‐7	   Ox:EDTA	   MESS	   25	   2	   0.64	  
NLT3-­‐8	   R2-­‐8	   Ox:EDTA	   MESS	   25	   2	   1.05	  
NLT3-­‐9	   R2-­‐9	   Ox:EDTA	   MESS	   60	   2	   5.05	  
NLT3-­‐10	   R2-­‐10	   Ox:EDTA	   MESS	   60	   2	   3.08	  
NLT3-­‐11	   R2-­‐11	   Ox:EDTA	   MESS	   90	   2	   3.09	  
NLT3-­‐12	   R2-­‐12	   Ox:EDTA	   MESS	   90	   2	   3.10	  
NLT3-­‐13	   R2-­‐13	   Ox:EDTA	   MESS	   25	   24	   1.60	  
NLT3-­‐14	   R2-­‐14	   Ox:EDTA	   MESS	   25	   24	   1.73	  
NLT3-­‐15	   R2-­‐15	   Ox:EDTA	   MESS	   60	   24	   4.14	  
NLT3-­‐16	   R2-­‐16	   Ox:EDTA	   MESS	   60	   24	   3.74	  
NLT3-­‐17	   R2-­‐17	   Ox:EDTA	   MESS	   90	   24	   13.46	  
NLT3-­‐18	   R2-­‐18	   Ox:EDTA	   MESS	   90	   24	   15.93	  
NLT3-­‐19	   R2-­‐19	   Ox:EDTA	   Cariaco	   25	   1/6	   0.96	  
NLT3-­‐20	   R2-­‐20	   Ox:EDTA	   Cariaco	   25	   1/6	   1.37	  
NLT3-­‐21	   R2-­‐21	   Ox:EDTA	   Cariaco	   60	   1/6	   1.12	  
NLT3-­‐22	   R2-­‐22	   Ox:EDTA	   Cariaco	   60	   1/6	   1.14	  
NLT3-­‐23	   R2-­‐23	   Ox:EDTA	   Cariaco	   90	   1/6	   1.07	  
NLT3-­‐24	   R2-­‐24	   Ox:EDTA	   Cariaco	   90	   1/6	   0.95	  
NLT3-­‐25	   R2-­‐25	   Ox:EDTA	   Cariaco	   25	   2	   0.80	  
NLT3-­‐26	   R2-­‐26	   Ox:EDTA	   Cariaco	   25	   2	   0.65	  
NLT3-­‐27	   R2-­‐27	   Ox:EDTA	   Cariaco	   60	   2	   2.18	  
NLT3-­‐28	   R2-­‐28	   Ox:EDTA	   Cariaco	   60	   2	   1.18	  
NLT3-­‐29	   R2-­‐29	   Ox:EDTA	   Cariaco	   90	   2	   1.74	  
NLT3-­‐30	   R2-­‐30	   Ox:EDTA	   Cariaco	   90	   2	   1.71	  
NLT3-­‐31	   R2-­‐31	   Ox:EDTA	   Cariaco	   25	   24	   2.25	  
NLT3-­‐32	   R2-­‐32	   Ox:EDTA	   Cariaco	   25	   24	   1.44	  
NLT3-­‐33	   R2-­‐33	   Ox:EDTA	   Cariaco	   60	   24	   1.88	  
NLT3-­‐34	   R2-­‐34	   Ox:EDTA	   Cariaco	   60	   24	   2.12	  
NLT3-­‐35	   R2-­‐35	   Ox:EDTA	   Cariaco	   90	   24	   5.21	  
NLT3-­‐36	   R2-­‐36	   Ox:EDTA	   Cariaco	   90	   24	   7.30	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ox	  blank	  
corrected	  
d56Fe	  
sample	  (‰)	  
d56Fe	  
sample	  (‰)	   F	  blank	  
d56Fe	  blank	  
(‰)	  
sample	  
weight	  (g)	  
Leachate	  
Volume	  
(ml)	   Ag107(g/g)	  
0.16	   0.17	   0.46	   -­‐0.55	   8.68E-­‐04	   0.61	   4.4E-­‐08	  
-­‐0.54	   -­‐0.54	   0.44	   -­‐0.55	   8.68E-­‐04	   0.72	   8.5E-­‐08	  
-­‐0.66	   -­‐0.63	   0.27	   -­‐0.55	   8.68E-­‐04	   0.35	   5.2E-­‐08	  
-­‐0.46	   -­‐0.48	   0.22	   -­‐0.55	   8.68E-­‐04	   0.39	   8.3E-­‐08	  
-­‐0.54	   -­‐0.54	   0.16	   -­‐0.55	   8.68E-­‐04	   0.70	   6.1E-­‐08	  
-­‐0.37	   -­‐0.39	   0.10	   -­‐0.55	   8.68E-­‐04	   0.69	   1.1E-­‐07	  
-­‐0.57	   -­‐0.57	   0.15	   -­‐0.55	   8.68E-­‐04	   0.63	   1.4E-­‐07	  
-­‐0.44	   -­‐0.45	   0.10	   -­‐0.55	   8.68E-­‐04	   0.65	   1.2E-­‐07	  
-­‐0.31	   -­‐0.32	   0.02	   -­‐0.55	   8.68E-­‐04	   0.69	   1.9E-­‐07	  
-­‐0.30	   -­‐0.31	   0.04	   -­‐0.55	   8.68E-­‐04	   0.63	   1.5E-­‐07	  
-­‐0.38	   -­‐0.39	   0.04	   -­‐0.55	   8.68E-­‐04	   0.69	   1.4E-­‐07	  
-­‐0.53	   -­‐0.53	   0.04	   -­‐0.55	   8.68E-­‐04	   0.73	   1.2E-­‐07	  
-­‐0.50	   -­‐0.50	   0.07	   -­‐0.55	   8.68E-­‐04	   0.66	   1.0E-­‐07	  
-­‐0.56	   -­‐0.56	   0.06	   -­‐0.55	   8.68E-­‐04	   0.36	   8.0E-­‐08	  
-­‐0.61	   -­‐0.61	   0.03	   -­‐0.55	   8.68E-­‐04	   0.72	   8.0E-­‐08	  
-­‐0.54	   -­‐0.54	   0.03	   -­‐0.55	   8.68E-­‐04	   0.70	   7.1E-­‐08	  
-­‐0.18	   -­‐0.18	   0.01	   -­‐0.55	   8.68E-­‐04	   0.47	   2.8E-­‐07	  
-­‐0.16	   -­‐0.16	   0.01	   -­‐0.55	   8.68E-­‐04	   0.59	   2.3E-­‐07	  
0.09	   0.04	   0.08	   -­‐0.55	   1.19E-­‐03	   0.97	   5.5E-­‐07	  
0.11	   0.07	   0.06	   -­‐0.55	   1.24E-­‐03	   0.96	   7.0E-­‐07	  
0.05	   0.01	   0.06	   -­‐0.55	   1.40E-­‐03	   0.96	   8.1E-­‐07	  
0.00	   -­‐0.04	   0.08	   -­‐0.55	   1.01E-­‐03	   0.96	   4.5E-­‐07	  
0.06	   0.01	   0.08	   -­‐0.55	   1.14E-­‐03	   0.86	   5.3E-­‐07	  
-­‐0.03	   -­‐0.07	   0.09	   -­‐0.55	   1.14E-­‐03	   0.83	   5.5E-­‐07	  
0.05	   -­‐0.01	   0.11	   -­‐0.55	   1.05E-­‐03	   0.94	   4.9E-­‐07	  
0.09	   0.01	   0.13	   -­‐0.55	   1.08E-­‐03	   0.88	   4.2E-­‐07	  
-­‐0.02	   -­‐0.04	   0.04	   -­‐0.55	   1.08E-­‐03	   0.92	   8.4E-­‐07	  
0.03	   -­‐0.01	   0.07	   -­‐0.55	   1.20E-­‐03	   0.94	   6.0E-­‐07	  
0.07	   0.04	   0.05	   -­‐0.55	   1.05E-­‐03	   0.92	   5.3E-­‐07	  
0.17	   0.13	   0.05	   -­‐0.55	   1.03E-­‐03	   0.88	   3.5E-­‐07	  
0.09	   0.07	   0.03	   -­‐0.55	   1.52E-­‐03	   0.96	   1.1E-­‐06	  
0.05	   0.02	   0.06	   -­‐0.55	   1.18E-­‐03	   0.96	   7.6E-­‐07	  
0.09	   0.06	   0.05	   -­‐0.55	   1.14E-­‐03	   0.91	   3.9E-­‐07	  
0.06	   0.04	   0.03	   -­‐0.55	   1.59E-­‐03	   0.92	   9.9E-­‐07	  
0.09	   0.08	   0.02	   -­‐0.55	   1.21E-­‐03	   0.64	   1.2E-­‐06	  
0.21	   0.20	   0.01	   -­‐0.55	   1.23E-­‐03	   0.63	   2.1E-­‐06	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Internal	  
sample	  ID	  
External	  
Sample	  ID	   Al27(g/g)	   Ba137(g/g)	   Cd111(g/g)	   Co59(g/g)	   Cr53(g/g)	  
NLT3-­‐1	   R2-­‐1	   6.70E-­‐04	   1.46E-­‐05	   2.68E-­‐08	   2.04E-­‐06	   6.81E-­‐05	  
NLT3-­‐2	   R2-­‐2	   5.58E-­‐04	   1.15E-­‐05	   2.36E-­‐08	   3.58E-­‐06	   4.99E-­‐05	  
NLT3-­‐3	   R2-­‐3	   7.36E-­‐05	   2.15E-­‐05	   3.67E-­‐08	   1.84E-­‐06	   4.88E-­‐05	  
NLT3-­‐4	   R2-­‐4	   4.60E-­‐04	   2.96E-­‐05	   4.86E-­‐08	   2.82E-­‐06	   4.63E-­‐05	  
NLT3-­‐5	   R2-­‐5	   1.15E-­‐03	   3.69E-­‐05	   4.52E-­‐08	   9.95E-­‐07	   7.28E-­‐05	  
NLT3-­‐6	   R2-­‐6	   2.02E-­‐03	   4.93E-­‐05	   4.14E-­‐08	   1.33E-­‐06	   5.56E-­‐05	  
NLT3-­‐7	   R2-­‐7	   1.85E-­‐03	   4.67E-­‐05	   4.22E-­‐08	   2.54E-­‐06	   5.70E-­‐05	  
NLT3-­‐8	   R2-­‐8	   1.96E-­‐03	   5.21E-­‐05	   5.30E-­‐08	   3.50E-­‐06	   4.93E-­‐05	  
NLT3-­‐9	   R2-­‐9	   4.94E-­‐03	   1.29E-­‐04	   7.92E-­‐08	   4.41E-­‐06	   1.06E-­‐04	  
NLT3-­‐10	   R2-­‐10	   3.74E-­‐03	   8.60E-­‐05	   2.97E-­‐07	   2.87E-­‐06	   8.34E-­‐05	  
NLT3-­‐11	   R2-­‐11	   1.81E-­‐03	   8.91E-­‐05	   8.02E-­‐08	   4.69E-­‐06	   1.30E-­‐04	  
NLT3-­‐12	   R2-­‐12	   2.31E-­‐03	   1.17E-­‐04	   7.46E-­‐08	   4.18E-­‐06	   1.14E-­‐04	  
NLT3-­‐13	   R2-­‐13	   9.68E-­‐04	   6.66E-­‐05	   6.80E-­‐08	   1.78E-­‐06	   7.50E-­‐05	  
NLT3-­‐14	   R2-­‐14	   1.56E-­‐03	   7.82E-­‐05	   5.60E-­‐08	   1.77E-­‐06	   8.37E-­‐05	  
NLT3-­‐15	   R2-­‐15	   6.19E-­‐04	   1.14E-­‐04	   6.33E-­‐08	   3.69E-­‐06	   1.04E-­‐04	  
NLT3-­‐16	   R2-­‐16	   3.55E-­‐04	   8.63E-­‐05	   5.83E-­‐08	   2.34E-­‐06	   1.07E-­‐04	  
NLT3-­‐17	   R2-­‐17	   2.53E-­‐03	   1.08E-­‐04	   1.09E-­‐07	   5.81E-­‐06	   1.60E-­‐04	  
NLT3-­‐18	   R2-­‐18	   1.91E-­‐03	   1.06E-­‐04	   7.24E-­‐08	   3.76E-­‐06	   1.22E-­‐04	  
NLT3-­‐19	   R2-­‐19	   5.00E-­‐04	   2.52E-­‐05	   4.98E-­‐07	   2.13E-­‐07	   2.79E-­‐05	  
NLT3-­‐20	   R2-­‐20	   5.89E-­‐04	   2.40E-­‐05	   4.85E-­‐07	   1.94E-­‐07	   2.53E-­‐05	  
NLT3-­‐21	   R2-­‐21	   7.86E-­‐04	   3.15E-­‐05	   6.23E-­‐07	   2.78E-­‐07	   3.45E-­‐05	  
NLT3-­‐22	   R2-­‐22	   4.77E-­‐04	   2.21E-­‐05	   4.26E-­‐07	   2.36E-­‐07	   2.99E-­‐05	  
NLT3-­‐23	   R2-­‐23	   5.13E-­‐04	   3.09E-­‐05	   6.79E-­‐07	   2.49E-­‐07	   2.92E-­‐05	  
NLT3-­‐24	   R2-­‐24	   5.26E-­‐04	   3.49E-­‐05	   7.17E-­‐07	   2.81E-­‐07	   3.19E-­‐05	  
NLT3-­‐25	   R2-­‐25	   4.74E-­‐04	   1.35E-­‐05	   4.30E-­‐07	   2.72E-­‐07	   3.20E-­‐05	  
NLT3-­‐26	   R2-­‐26	   3.93E-­‐04	   1.40E-­‐05	   4.02E-­‐07	   2.45E-­‐07	   3.26E-­‐05	  
NLT3-­‐27	   R2-­‐27	   8.61E-­‐04	   3.48E-­‐05	   8.22E-­‐07	   3.37E-­‐07	   2.94E-­‐05	  
NLT3-­‐28	   R2-­‐28	   5.96E-­‐04	   7.05E-­‐05	   6.95E-­‐07	   3.05E-­‐07	   3.40E-­‐05	  
NLT3-­‐29	   R2-­‐29	   8.77E-­‐04	   1.09E-­‐04	   1.22E-­‐06	   2.77E-­‐07	   3.55E-­‐05	  
NLT3-­‐30	   R2-­‐30	   5.76E-­‐04	   6.35E-­‐05	   8.00E-­‐07	   1.84E-­‐07	   2.30E-­‐05	  
NLT3-­‐31	   R2-­‐31	   1.33E-­‐03	   5.19E-­‐05	   1.95E-­‐06	   3.02E-­‐07	   3.15E-­‐05	  
NLT3-­‐32	   R2-­‐32	   7.46E-­‐04	   5.94E-­‐05	   8.52E-­‐07	   2.37E-­‐07	   3.06E-­‐05	  
NLT3-­‐33	   R2-­‐33	   8.37E-­‐04	   8.72E-­‐05	   6.65E-­‐07	   1.44E-­‐07	   2.33E-­‐05	  
NLT3-­‐34	   R2-­‐34	   1.77E-­‐03	   1.48E-­‐04	   1.63E-­‐06	   2.97E-­‐07	   3.72E-­‐05	  
NLT3-­‐35	   R2-­‐35	   2.44E-­‐03	   1.42E-­‐04	   2.11E-­‐06	   6.05E-­‐07	   4.23E-­‐05	  
NLT3-­‐36	   R2-­‐36	   3.46E-­‐03	   1.31E-­‐04	   5.00E-­‐06	   8.86E-­‐07	   5.38E-­‐05	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Cu63(g/g)	   Fe54(g/g)	   Fe56(g/g)	   Fe57(g/g)	   Ga69(g/g)	   In115(g/g)	   Mn55(g/g)	  
2.77E-­‐06	   3.28E-­‐04	   4.15E-­‐04	   4.06E-­‐04	   1.72E-­‐07	   -­‐8.95E-­‐08	   1.69E-­‐05	  
1.63E-­‐06	   2.71E-­‐04	   3.59E-­‐04	   3.52E-­‐04	   1.48E-­‐07	   -­‐9.36E-­‐08	   1.38E-­‐05	  
1.12E-­‐06	   1.83E-­‐04	   2.41E-­‐04	   2.33E-­‐04	   6.17E-­‐08	   -­‐6.99E-­‐08	   2.39E-­‐05	  
1.24E-­‐06	   3.48E-­‐04	   4.53E-­‐04	   4.44E-­‐04	   1.78E-­‐07	   -­‐7.59E-­‐08	   2.74E-­‐05	  
1.81E-­‐06	   6.48E-­‐04	   8.43E-­‐04	   8.24E-­‐04	   4.04E-­‐07	   -­‐7.92E-­‐08	   2.87E-­‐05	  
1.99E-­‐06	   1.00E-­‐03	   1.30E-­‐03	   1.25E-­‐03	   6.62E-­‐07	   -­‐8.16E-­‐08	   3.19E-­‐05	  
1.71E-­‐06	   9.08E-­‐04	   1.16E-­‐03	   1.15E-­‐03	   6.08E-­‐07	   -­‐8.27E-­‐08	   3.32E-­‐05	  
2.75E-­‐06	   1.01E-­‐03	   1.31E-­‐03	   1.30E-­‐03	   6.05E-­‐07	   -­‐8.43E-­‐08	   5.43E-­‐05	  
6.49E-­‐06	   3.00E-­‐03	   3.88E-­‐03	   3.80E-­‐03	   1.52E-­‐06	   -­‐7.96E-­‐08	   7.98E-­‐05	  
3.63E-­‐06	   2.02E-­‐03	   2.64E-­‐03	   2.57E-­‐03	   1.15E-­‐06	   3.14E-­‐07	   5.11E-­‐05	  
5.63E-­‐06	   1.88E-­‐03	   2.40E-­‐03	   2.33E-­‐03	   5.29E-­‐07	   -­‐8.62E-­‐08	   6.19E-­‐05	  
7.32E-­‐06	   2.32E-­‐03	   3.01E-­‐03	   2.93E-­‐03	   6.79E-­‐07	   -­‐8.53E-­‐08	   8.39E-­‐05	  
2.30E-­‐06	   1.13E-­‐03	   1.47E-­‐03	   1.40E-­‐03	   3.07E-­‐07	   -­‐7.81E-­‐08	   5.40E-­‐05	  
2.21E-­‐06	   1.47E-­‐03	   1.89E-­‐03	   1.83E-­‐03	   4.80E-­‐07	   -­‐8.34E-­‐08	   5.88E-­‐05	  
4.99E-­‐06	   2.30E-­‐03	   2.99E-­‐03	   2.87E-­‐03	   1.55E-­‐07	   -­‐8.45E-­‐08	   7.62E-­‐05	  
4.27E-­‐06	   2.03E-­‐03	   2.69E-­‐03	   2.55E-­‐03	   7.70E-­‐08	   -­‐8.48E-­‐08	   5.96E-­‐05	  
1.19E-­‐05	   7.42E-­‐03	   9.59E-­‐03	   9.30E-­‐03	   8.57E-­‐07	   -­‐7.22E-­‐08	   1.04E-­‐04	  
1.05E-­‐05	   5.91E-­‐03	   7.58E-­‐03	   7.42E-­‐03	   6.18E-­‐07	   -­‐5.06E-­‐08	   9.45E-­‐05	  
6.16E-­‐06	   5.49E-­‐04	   7.33E-­‐04	   7.04E-­‐04	   1.31E-­‐07	   -­‐6.41E-­‐08	   1.02E-­‐05	  
5.70E-­‐06	   6.79E-­‐04	   8.94E-­‐04	   8.66E-­‐04	   1.70E-­‐07	   -­‐5.66E-­‐08	   1.00E-­‐05	  
7.75E-­‐06	   8.69E-­‐04	   1.15E-­‐03	   1.11E-­‐03	   2.59E-­‐07	   -­‐7.81E-­‐08	   1.39E-­‐05	  
4.91E-­‐06	   5.42E-­‐04	   7.26E-­‐04	   6.88E-­‐04	   1.38E-­‐07	   -­‐6.99E-­‐08	   1.02E-­‐05	  
7.83E-­‐06	   5.98E-­‐04	   7.58E-­‐04	   7.58E-­‐04	   1.76E-­‐07	   -­‐6.47E-­‐08	   1.10E-­‐05	  
9.30E-­‐06	   6.21E-­‐04	   7.62E-­‐04	   7.88E-­‐04	   1.65E-­‐07	   -­‐7.24E-­‐08	   1.23E-­‐05	  
5.31E-­‐06	   4.97E-­‐04	   6.31E-­‐04	   6.31E-­‐04	   1.65E-­‐07	   -­‐7.23E-­‐08	   1.02E-­‐05	  
4.74E-­‐06	   4.32E-­‐04	   5.50E-­‐04	   5.44E-­‐04	   1.25E-­‐07	   -­‐7.09E-­‐08	   1.02E-­‐05	  
1.19E-­‐05	   9.62E-­‐04	   1.16E-­‐03	   1.22E-­‐03	   2.60E-­‐07	   -­‐6.73E-­‐08	   1.13E-­‐05	  
8.84E-­‐06	   7.88E-­‐04	   9.65E-­‐04	   9.98E-­‐04	   2.05E-­‐07	   -­‐7.36E-­‐08	   1.49E-­‐05	  
1.92E-­‐05	   9.77E-­‐04	   1.24E-­‐03	   1.23E-­‐03	   2.60E-­‐07	   -­‐7.57E-­‐08	   1.81E-­‐05	  
1.12E-­‐05	   6.58E-­‐04	   8.09E-­‐04	   8.35E-­‐04	   1.71E-­‐07	   -­‐5.12E-­‐08	   1.06E-­‐05	  
1.57E-­‐05	   1.58E-­‐03	   1.97E-­‐03	   2.00E-­‐03	   3.64E-­‐07	   -­‐6.45E-­‐08	   1.40E-­‐05	  
7.96E-­‐06	   8.26E-­‐04	   9.92E-­‐04	   1.04E-­‐03	   2.52E-­‐07	   -­‐6.87E-­‐08	   1.24E-­‐05	  
9.42E-­‐06	   7.43E-­‐04	   9.14E-­‐04	   9.36E-­‐04	   2.91E-­‐07	   -­‐4.94E-­‐08	   1.28E-­‐05	  
2.36E-­‐05	   1.72E-­‐03	   2.10E-­‐03	   2.15E-­‐03	   6.47E-­‐07	   -­‐5.33E-­‐08	   2.20E-­‐05	  
5.02E-­‐05	   2.70E-­‐03	   3.44E-­‐03	   3.38E-­‐03	   9.29E-­‐07	   -­‐5.77E-­‐08	   2.79E-­‐05	  
7.22E-­‐05	   4.21E-­‐03	   5.31E-­‐03	   5.27E-­‐03	   1.16E-­‐06	   -­‐7.03E-­‐08	   3.05E-­‐05	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Internal	  
sample	  ID	  
External	  
Sample	  ID	   Ni60(g/g)	   Pb208(g/g)	   Sr88(g/g)	   Zn66(g/g)	   Flag	  
NLT3-­‐1	   R2-­‐1	   4.53E-­‐06	   8.01E-­‐07	   5.44E-­‐05	   1.78E-­‐04	   	  	  
NLT3-­‐2	   R2-­‐2	   3.92E-­‐06	   6.80E-­‐07	   4.89E-­‐05	   1.02E-­‐04	   **	  
NLT3-­‐3	   R2-­‐3	   1.77E-­‐06	   2.19E-­‐06	   2.62E-­‐05	   2.37E-­‐05	   **	  
NLT3-­‐4	   R2-­‐4	   2.12E-­‐06	   2.56E-­‐06	   2.33E-­‐05	   4.54E-­‐05	   	  	  
NLT3-­‐5	   R2-­‐5	   4.15E-­‐06	   2.44E-­‐06	   4.04E-­‐05	   9.37E-­‐05	   	  	  
NLT3-­‐6	   R2-­‐6	   4.63E-­‐06	   3.12E-­‐06	   4.77E-­‐05	   6.65E-­‐05	   	  	  
NLT3-­‐7	   R2-­‐7	   3.39E-­‐06	   2.33E-­‐06	   3.82E-­‐05	   6.28E-­‐05	   	  	  
NLT3-­‐8	   R2-­‐8	   4.42E-­‐06	   1.76E-­‐06	   4.65E-­‐05	   2.93E-­‐04	   	  	  
NLT3-­‐9	   R2-­‐9	   7.30E-­‐06	   5.15E-­‐06	   6.86E-­‐05	   1.93E-­‐04	   	  	  
NLT3-­‐10	   R2-­‐10	   5.95E-­‐06	   3.98E-­‐06	   5.59E-­‐05	   1.09E-­‐04	   	  	  
NLT3-­‐11	   R2-­‐11	   4.26E-­‐06	   4.51E-­‐06	   5.82E-­‐05	   1.48E-­‐04	   	  	  
NLT3-­‐12	   R2-­‐12	   4.56E-­‐06	   5.14E-­‐06	   4.60E-­‐05	   1.18E-­‐04	   	  	  
NLT3-­‐13	   R2-­‐13	   3.17E-­‐06	   5.27E-­‐06	   1.54E-­‐05	   7.23E-­‐05	   	  	  
NLT3-­‐14	   R2-­‐14	   3.27E-­‐06	   5.99E-­‐06	   2.03E-­‐05	   4.00E-­‐05	   	  	  
NLT3-­‐15	   R2-­‐15	   2.64E-­‐06	   5.40E-­‐06	   4.76E-­‐05	   8.54E-­‐05	   **	  
NLT3-­‐16	   R2-­‐16	   2.21E-­‐06	   5.09E-­‐06	   5.41E-­‐05	   6.71E-­‐05	   	  	  
NLT3-­‐17	   R2-­‐17	   6.21E-­‐06	   8.27E-­‐06	   8.14E-­‐05	   1.15E-­‐04	   	  	  
NLT3-­‐18	   R2-­‐18	   4.74E-­‐06	   7.14E-­‐06	   6.84E-­‐05	   2.52E-­‐04	   	  	  
NLT3-­‐19	   R2-­‐19	   5.31E-­‐06	   1.90E-­‐06	   1.12E-­‐05	   1.23E-­‐05	   	  	  
NLT3-­‐20	   R2-­‐20	   3.91E-­‐06	   2.09E-­‐06	   1.03E-­‐05	   1.34E-­‐05	   	  	  
NLT3-­‐21	   R2-­‐21	   6.55E-­‐06	   2.47E-­‐06	   1.26E-­‐05	   2.08E-­‐05	   	  	  
NLT3-­‐22	   R2-­‐22	   4.53E-­‐06	   1.59E-­‐06	   1.06E-­‐05	   1.29E-­‐05	   	  	  
NLT3-­‐23	   R2-­‐23	   4.37E-­‐06	   2.31E-­‐06	   1.56E-­‐05	   1.57E-­‐05	   	  	  
NLT3-­‐24	   R2-­‐24	   4.92E-­‐06	   2.44E-­‐06	   1.72E-­‐05	   1.55E-­‐05	   	  	  
NLT3-­‐25	   R2-­‐25	   5.15E-­‐06	   1.54E-­‐06	   1.21E-­‐05	   1.16E-­‐05	   	  	  
NLT3-­‐26	   R2-­‐26	   4.93E-­‐06	   1.47E-­‐06	   1.32E-­‐05	   1.00E-­‐05	   	  	  
NLT3-­‐27	   R2-­‐27	   7.14E-­‐06	   2.98E-­‐06	   1.09E-­‐05	   2.52E-­‐05	   	  	  
NLT3-­‐28	   R2-­‐28	   5.33E-­‐06	   3.06E-­‐06	   2.27E-­‐05	   1.76E-­‐05	   	  	  
NLT3-­‐29	   R2-­‐29	   5.51E-­‐06	   4.53E-­‐06	   3.03E-­‐05	   2.19E-­‐05	   	  	  
NLT3-­‐30	   R2-­‐30	   3.81E-­‐06	   2.60E-­‐06	   1.75E-­‐05	   1.59E-­‐05	   	  	  
NLT3-­‐31	   R2-­‐31	   5.50E-­‐06	   4.06E-­‐06	   1.35E-­‐05	   4.03E-­‐05	   	  	  
NLT3-­‐32	   R2-­‐32	   3.97E-­‐06	   4.65E-­‐06	   1.31E-­‐05	   1.72E-­‐05	   	  	  
NLT3-­‐33	   R2-­‐33	   1.80E-­‐06	   3.09E-­‐06	   2.14E-­‐05	   1.59E-­‐05	   	  	  
NLT3-­‐34	   R2-­‐34	   3.26E-­‐06	   6.48E-­‐06	   3.29E-­‐05	   3.63E-­‐05	   	  	  
NLT3-­‐35	   R2-­‐35	   3.64E-­‐06	   7.82E-­‐06	   3.90E-­‐05	   4.65E-­‐05	   	  	  
NLT3-­‐36	   R2-­‐36	   7.16E-­‐06	   1.10E-­‐05	   4.37E-­‐05	   1.03E-­‐04	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Internal	  
sample	  ID	  
External	  
Sample	  ID	  
GEOTRACES	  
ID	   Leach	   Sample	   Heat	  (C)	   Time	  (hr)	  
BNRGT1-­‐1	   GT-­‐1	   5679	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐2	   GT-­‐2	   5678	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐3	   GT-­‐3	   5677	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐4	   GT-­‐4	   5676	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐5	   GT-­‐5	   5675	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐6	   GT-­‐6	   5674	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐7	   GT-­‐7	   5673	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐8	   GT-­‐8	   5672	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐9	   GT-­‐9	   5737	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐10	   GT-­‐10	   5736	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐11	   GT-­‐11	   5735	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐12	   GT-­‐12	   5734	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐13	   GT-­‐13	   5733	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐14	   GT-­‐14	   5732	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐15	   GT-­‐15	   5731	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐16	   GT-­‐16	   5730	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐17	   GT-­‐17	   6833	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐18	   GT-­‐18	   6832	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐19	   GT-­‐19	   6831	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐20	   GT-­‐20	   6830	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐21	   GT-­‐21	   6829	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐22	   GT-­‐22	   6828	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐23	   GT-­‐23	   6827	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐24	   GT-­‐24	   6826	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐25	   GT-­‐25	   6895	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐26	   GT-­‐26	   6894	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐27	   GT-­‐27	   6893	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐28	   GT-­‐28	   6892	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐29	   GT-­‐29	   6891	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐30	   GT-­‐30	   6890	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐31	   GT-­‐31	   6889	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐32	   GT-­‐32	   6888	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐33	   GT-­‐33	   7386	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐34	   GT-­‐34	   7385	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐35	   GT-­‐35	   7384	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐36	   GT-­‐36	   7383	   Ox:EDTA	   GT	   90	   2	  
BNRGT1-­‐37	   GT-­‐37	   7382	   Ox:EDTA	   GT	   90	   2	  
	  
	  	  82 
Fe	  (nM)	  
ox	  blank	  
corrected	  
d56Fe	  
sample	  (‰)	  
d56Fe	  
sample	  (‰)	   F	  blank	  
d56Fe	  blank	  
(‰)	  
Liters	  
Filtered	   Ag107(μM)	  
0.48	   -­‐0.21	   -­‐0.88	   0.20	   -­‐3.62	   15.37	   5.3E-­‐02	  
0.12	   -­‐0.49	   -­‐1.98	   0.48	   -­‐3.62	   15.34	   9.5E-­‐02	  
0.62	   -­‐0.38	   -­‐0.87	   0.15	   -­‐3.62	   16.58	   1.1E-­‐01	  
0.65	   -­‐0.31	   -­‐0.81	   0.15	   -­‐3.62	   16.06	   8.4E-­‐02	  
0.98	   -­‐0.34	   -­‐0.70	   0.11	   -­‐3.62	   14.96	   1.2E-­‐01	  
1.17	   -­‐0.37	   -­‐0.65	   0.09	   -­‐3.62	   16.23	   1.2E-­‐01	  
0.84	   -­‐0.32	   -­‐0.73	   0.12	   -­‐3.62	   15.24	   5.5E-­‐02	  
0.58	   -­‐0.35	   -­‐0.86	   0.16	   -­‐3.62	   17.01	   7.2E-­‐02	  
0.64	   -­‐0.35	   -­‐0.87	   0.16	   -­‐3.62	   15.16	   6.4E-­‐02	  
0.76	   -­‐0.73	   -­‐1.13	   0.14	   -­‐3.62	   14.89	   6.6E-­‐02	  
0.79	   -­‐0.77	   -­‐1.13	   0.13	   -­‐3.62	   16.20	   5.7E-­‐02	  
0.83	   -­‐0.84	   -­‐1.19	   0.13	   -­‐3.62	   15.06	   6.1E-­‐02	  
0.87	   -­‐0.79	   -­‐1.17	   0.13	   -­‐3.62	   13.65	   5.6E-­‐02	  
0.91	   -­‐0.88	   -­‐1.21	   0.12	   -­‐3.62	   14.86	   5.4E-­‐02	  
2.96	   -­‐1.21	   -­‐1.31	   0.04	   -­‐3.62	   14.00	   1.7E-­‐01	  
5.80	   -­‐1.17	   -­‐1.22	   0.02	   -­‐3.62	   15.39	   3.2E-­‐01	  
0.09	   0.33	   -­‐1.97	   0.58	   -­‐3.62	   13.98	   1.3E-­‐01	  
0.13	   -­‐0.16	   -­‐1.80	   0.47	   -­‐3.62	   15.04	   1.2E-­‐01	  
0.14	   -­‐0.16	   -­‐1.67	   0.44	   -­‐3.62	   15.65	   1.0E-­‐01	  
0.09	   -­‐0.05	   -­‐2.10	   0.58	   -­‐3.62	   14.13	   6.6E-­‐02	  
0.11	   -­‐0.42	   -­‐2.04	   0.51	   -­‐3.62	   14.82	   5.7E-­‐02	  
0.14	   -­‐0.31	   -­‐1.90	   0.48	   -­‐3.62	   14.41	   7.0E-­‐02	  
0.22	   -­‐0.27	   -­‐1.53	   0.38	   -­‐3.62	   13.95	   7.0E-­‐02	  
0.32	   -­‐0.30	   -­‐1.28	   0.29	   -­‐3.62	   14.04	   4.9E-­‐02	  
0.46	   -­‐0.54	   -­‐1.25	   0.23	   -­‐3.62	   13.37	   6.0E-­‐02	  
0.49	   -­‐0.52	   -­‐1.18	   0.21	   -­‐3.62	   13.82	   3.9E-­‐04	  
0.29	   -­‐0.56	   -­‐1.57	   0.33	   -­‐3.62	   12.73	   1.6E-­‐02	  
0.32	   -­‐0.32	   -­‐1.48	   0.35	   -­‐3.62	   10.79	   1.3E-­‐02	  
0.54	   -­‐0.42	   -­‐1.08	   0.21	   -­‐3.62	   12.84	   8.6E-­‐03	  
1.61	   -­‐0.62	   -­‐0.88	   0.08	   -­‐3.62	   12.49	   4.0E-­‐02	  
4.14	   -­‐0.31	   -­‐0.42	   0.03	   -­‐3.62	   13.61	   6.0E-­‐02	  
5.45	   -­‐0.36	   -­‐0.44	   0.03	   -­‐3.62	   13.11	   8.3E-­‐02	  
3.97	   -­‐0.15	   -­‐0.29	   0.04	   -­‐3.62	   10.85	   3.1E-­‐02	  
59.48	   0.10	   0.09	   0.00	   -­‐3.62	   11.46	   1.4E+00	  
23.49	   -­‐0.07	   -­‐0.09	   0.01	   -­‐3.62	   12.16	   2.2E+00	  
3.65	   -­‐0.02	   -­‐0.16	   0.04	   -­‐3.62	   12.99	   1.6E+00	  
0.83	   -­‐0.29	   -­‐0.79	   0.15	   -­‐3.62	   12.65	   1.7E-­‐02	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Internal	  
sample	  ID	  
External	  
Sample	  ID	   Al27(μM)	   Ba137(μM)	   Cd111(μM)	   Co59(μM)	   Cr52(μM)	  
BNRGT1-­‐1	   GT-­‐1	   3.59E+02	   1.14E+01	   7.51E-­‐01	   3.67E+00	   1.08E+02	  
BNRGT1-­‐2	   GT-­‐2	   2.22E+02	   4.46E+01	   1.77E+00	   2.34E+00	   1.06E+02	  
BNRGT1-­‐3	   GT-­‐3	   3.56E+02	   2.59E+02	   1.75E+00	   1.48E+00	   1.11E+02	  
BNRGT1-­‐4	   GT-­‐4	   4.21E+02	   2.14E+02	   1.30E+00	   1.36E+00	   9.72E+01	  
BNRGT1-­‐5	   GT-­‐5	   5.93E+02	   3.09E+02	   2.24E+00	   1.82E+00	   1.17E+02	  
BNRGT1-­‐6	   GT-­‐6	   6.67E+02	   3.01E+02	   2.11E+00	   1.67E+00	   9.95E+01	  
BNRGT1-­‐7	   GT-­‐7	   6.35E+02	   1.92E+02	   1.36E+00	   1.41E+00	   1.15E+02	  
BNRGT1-­‐8	   GT-­‐8	   5.28E+02	   1.30E+02	   6.27E-­‐01	   1.12E+00	   9.43E+01	  
BNRGT1-­‐9	   GT-­‐9	   5.57E+02	   1.37E+02	   4.25E-­‐01	   1.32E+00	   1.02E+02	  
BNRGT1-­‐10	   GT-­‐10	   6.30E+02	   1.25E+02	   3.78E-­‐01	   1.27E+00	   1.06E+02	  
BNRGT1-­‐11	   GT-­‐11	   5.88E+02	   1.03E+02	   2.22E-­‐01	   1.11E+00	   9.47E+01	  
BNRGT1-­‐12	   GT-­‐12	   6.91E+02	   9.19E+01	   2.29E-­‐01	   1.39E+00	   1.07E+02	  
BNRGT1-­‐13	   GT-­‐13	   6.88E+02	   9.17E+01	   2.13E-­‐01	   1.47E+00	   1.23E+02	  
BNRGT1-­‐14	   GT-­‐14	   7.11E+02	   8.68E+01	   2.31E-­‐01	   1.41E+00	   1.07E+02	  
BNRGT1-­‐15	   GT-­‐15	   1.07E+03	   1.37E+02	   3.94E-­‐01	   9.67E+00	   1.23E+02	  
BNRGT1-­‐16	   GT-­‐16	   3.21E+03	   5.55E+02	   6.04E-­‐01	   1.05E+01	   1.12E+02	  
BNRGT1-­‐17	   GT-­‐17	   2.11E+02	   7.45E+00	   2.54E-­‐01	   2.89E+00	   1.06E+02	  
BNRGT1-­‐18	   GT-­‐18	   1.99E+02	   1.96E+01	   3.43E-­‐01	   3.07E+00	   9.21E+01	  
BNRGT1-­‐19	   GT-­‐19	   1.97E+02	   5.06E+01	   7.97E-­‐01	   2.18E+00	   8.43E+01	  
BNRGT1-­‐20	   GT-­‐20	   3.74E+02	   5.78E+01	   4.69E-­‐01	   1.75E+00	   9.43E+01	  
BNRGT1-­‐21	   GT-­‐21	   1.66E+02	   1.23E+02	   2.29E-­‐01	   1.49E+00	   9.70E+01	  
BNRGT1-­‐22	   GT-­‐22	   1.67E+02	   9.51E+01	   1.99E-­‐01	   1.62E+00	   9.61E+01	  
BNRGT1-­‐23	   GT-­‐23	   1.97E+02	   6.21E+01	   1.41E-­‐01	   1.96E+00	   9.67E+01	  
BNRGT1-­‐24	   GT-­‐24	   2.34E+02	   9.46E+01	   2.16E-­‐01	   1.84E+00	   9.85E+01	  
BNRGT1-­‐25	   GT-­‐25	   3.07E+02	   7.45E+01	   2.88E-­‐01	   1.73E+00	   1.08E+02	  
BNRGT1-­‐26	   GT-­‐26	   3.08E+02	   5.71E+01	   1.63E-­‐01	   2.15E+00	   1.00E+02	  
BNRGT1-­‐27	   GT-­‐27	   2.07E+02	   2.86E+01	   6.57E-­‐02	   1.36E+00	   1.12E+02	  
BNRGT1-­‐28	   GT-­‐28	   2.31E+02	   2.14E+01	   6.21E-­‐02	   1.53E+00	   1.31E+02	  
BNRGT1-­‐29	   GT-­‐29	   3.83E+02	   1.70E+01	   8.03E-­‐02	   1.36E+00	   1.12E+02	  
BNRGT1-­‐30	   GT-­‐30	   1.03E+03	   1.88E+01	   7.75E-­‐02	   1.85E+00	   1.02E+02	  
BNRGT1-­‐31	   GT-­‐31	   2.59E+03	   3.13E+01	   1.33E-­‐01	   3.44E+00	   1.13E+02	  
BNRGT1-­‐32	   GT-­‐32	   3.66E+03	   3.86E+01	   1.46E-­‐01	   4.39E+00	   1.12E+02	  
BNRGT1-­‐33	   GT-­‐33	   2.69E+02	   2.35E+01	   5.83E-­‐02	   1.57E+00	   1.68E+02	  
BNRGT1-­‐34	   GT-­‐34	   3.63E+02	   2.48E+01	   1.42E+01	   1.20E+01	   1.59E+02	  
BNRGT1-­‐35	   GT-­‐35	   2.54E+02	   1.98E+01	   5.83E+00	   5.21E+00	   1.38E+02	  
BNRGT1-­‐36	   GT-­‐36	   2.90E+02	   2.28E+01	   5.59E-­‐01	   1.81E+00	   1.36E+02	  
BNRGT1-­‐37	   GT-­‐37	   4.08E+02	   2.26E+01	   5.00E-­‐02	   1.53E+00	   1.19E+02	  
	  
	  	  84 
Cu63(μM)	   Fe54(μM)	   Fe56(μM)	   Fe57(μM)	   Ga69(μM)	   In115(μM)	   In115(μM)	  
1.80E+01	   3.46E+02	   4.20E+02	   4.18E+02	   1.41E-­‐02	   9.11E+01	   8.17E+01	  
1.45E+01	   1.48E+02	   1.45E+02	   1.56E+02	   3.88E-­‐03	   8.87E+01	   8.23E+01	  
1.52E+01	   4.29E+02	   5.34E+02	   5.30E+02	   7.39E-­‐03	   7.43E+01	   6.94E+01	  
1.55E+01	   4.18E+02	   5.59E+02	   5.03E+02	   1.01E-­‐02	   7.54E+01	   7.04E+01	  
2.02E+01	   6.37E+02	   8.00E+02	   7.90E+02	   3.83E-­‐02	   8.98E+01	   8.29E+01	  
1.74E+01	   6.80E+02	   8.73E+02	   8.47E+02	   4.18E-­‐02	   7.74E+01	   7.21E+01	  
1.65E+01	   5.48E+02	   6.87E+02	   6.72E+02	   3.60E-­‐02	   9.04E+01	   8.37E+01	  
1.74E+01	   4.08E+02	   5.13E+02	   4.99E+02	   1.91E-­‐02	   7.77E+01	   7.04E+01	  
1.69E+01	   4.45E+02	   5.49E+02	   5.51E+02	   2.18E-­‐02	   8.30E+01	   7.68E+01	  
1.78E+01	   5.05E+02	   6.34E+02	   6.24E+02	   3.42E-­‐02	   8.94E+01	   8.10E+01	  
1.50E+01	   5.04E+02	   6.36E+02	   6.24E+02	   3.66E-­‐02	   7.47E+01	   7.05E+01	  
1.91E+01	   5.65E+02	   7.00E+02	   6.98E+02	   3.12E-­‐02	   8.93E+01	   8.33E+01	  
2.09E+01	   5.80E+02	   7.29E+02	   7.10E+02	   2.94E-­‐02	   9.22E+01	   8.63E+01	  
2.03E+01	   6.12E+02	   7.70E+02	   7.44E+02	   3.26E-­‐02	   8.52E+01	   8.00E+01	  
3.13E+01	   1.75E+03	   2.32E+03	   2.26E+03	   5.22E-­‐02	   9.88E+01	   9.36E+01	  
3.83E+01	   3.32E+03	   4.57E+03	   4.30E+03	   2.06E-­‐01	   8.20E+01	   7.69E+01	  
2.34E+01	   1.50E+02	   1.46E+02	   1.58E+02	   -­‐1.63E-­‐02	   9.21E+01	   8.28E+01	  
2.51E+01	   1.46E+02	   1.49E+02	   1.56E+02	   -­‐2.97E-­‐03	   8.60E+01	   7.71E+01	  
1.52E+01	   1.34E+02	   1.41E+02	   1.52E+02	   -­‐1.32E-­‐03	   8.57E+01	   7.93E+01	  
1.52E+01	   1.24E+02	   1.23E+02	   1.30E+02	   -­‐1.36E-­‐03	   8.75E+01	   8.32E+01	  
1.58E+01	   1.30E+02	   1.30E+02	   1.40E+02	   -­‐1.21E-­‐02	   8.82E+01	   8.33E+01	  
1.84E+01	   1.44E+02	   1.46E+02	   1.55E+02	   -­‐3.60E-­‐03	   8.51E+01	   7.87E+01	  
1.84E+01	   1.79E+02	   2.01E+02	   2.07E+02	   -­‐1.31E-­‐03	   8.66E+01	   7.98E+01	  
1.59E+01	   2.27E+02	   2.68E+02	   2.70E+02	   5.90E-­‐03	   8.53E+01	   7.80E+01	  
1.91E+01	   3.04E+02	   3.63E+02	   3.58E+02	   -­‐1.47E-­‐02	   8.95E+01	   8.30E+01	  
5.41E+01	   3.17E+02	   3.74E+02	   3.76E+02	   3.03E-­‐03	   9.21E+01	   8.83E+01	  
1.63E+01	   2.35E+02	   2.59E+02	   2.65E+02	   -­‐8.58E-­‐03	   9.76E+01	   9.10E+01	  
1.76E+01	   2.28E+02	   2.46E+02	   2.52E+02	   2.49E-­‐03	   1.10E+02	   1.02E+02	  
1.66E+01	   3.48E+02	   4.28E+02	   4.13E+02	   1.45E-­‐02	   9.93E+01	   9.35E+01	  
1.54E+01	   9.15E+02	   1.24E+03	   1.20E+03	   7.71E-­‐02	   9.03E+01	   8.54E+01	  
2.08E+01	   2.28E+03	   3.15E+03	   3.02E+03	   2.00E-­‐01	   9.80E+01	   9.17E+01	  
2.40E+01	   2.99E+03	   4.09E+03	   3.89E+03	   2.94E-­‐01	   9.22E+01	   8.67E+01	  
2.24E+01	   1.88E+03	   2.53E+03	   2.46E+03	   -­‐1.69E-­‐03	   1.10E+02	   1.05E+02	  
5.77E+02	   3.20E+04	   4.43E+04	   4.22E+04	   6.77E-­‐02	   1.09E+02	   1.04E+02	  
2.22E+02	   1.25E+04	   1.75E+04	   1.67E+04	   2.94E-­‐02	   1.10E+02	   1.00E+02	  
5.13E+01	   2.02E+03	   2.72E+03	   2.62E+03	   1.12E-­‐02	   9.69E+01	   9.20E+01	  
1.91E+01	   5.19E+02	   6.73E+02	   6.54E+02	   4.10E-­‐03	   9.59E+01	   9.02E+01	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Internal	  sample	  
ID	  
External	  
Sample	  ID	   Mn55(μM)	   Ni60(μM)	   Pb208(μM)	   Sr88(μM)	   Zn66(μM)	  
BNRGT1-­‐1	   GT-­‐1	   1.07E+02	   2.65E+01	   4.15E-­‐01	   3.79E+02	   -­‐5.84E-­‐01	  
BNRGT1-­‐2	   GT-­‐2	   2.84E+01	   2.44E+01	   1.75E-­‐01	   5.43E+02	   -­‐5.08E+00	  
BNRGT1-­‐3	   GT-­‐3	   9.71E+01	   2.37E+01	   4.44E-­‐01	   7.79E+02	   5.03E+00	  
BNRGT1-­‐4	   GT-­‐4	   6.39E+01	   2.34E+01	   3.49E-­‐01	   5.19E+02	   1.78E+00	  
BNRGT1-­‐5	   GT-­‐5	   8.79E+01	   3.03E+01	   5.06E-­‐01	   7.01E+02	   1.32E+01	  
BNRGT1-­‐6	   GT-­‐6	   8.74E+01	   2.65E+01	   5.50E-­‐01	   7.67E+02	   1.09E+00	  
BNRGT1-­‐7	   GT-­‐7	   5.83E+01	   2.62E+01	   3.79E-­‐01	   4.93E+02	   -­‐4.11E-­‐01	  
BNRGT1-­‐8	   GT-­‐8	   5.61E+01	   2.25E+01	   3.83E-­‐01	   3.12E+02	   1.82E+01	  
BNRGT1-­‐9	   GT-­‐9	   6.85E+01	   2.34E+01	   4.40E-­‐01	   3.57E+02	   -­‐1.30E+00	  
BNRGT1-­‐10	   GT-­‐10	   6.76E+01	   2.43E+01	   4.47E-­‐01	   3.46E+02	   2.66E+00	  
BNRGT1-­‐11	   GT-­‐11	   6.42E+01	   2.03E+01	   4.02E-­‐01	   2.65E+02	   2.77E+00	  
BNRGT1-­‐12	   GT-­‐12	   8.17E+01	   2.31E+01	   4.28E-­‐01	   3.54E+02	   4.22E+00	  
BNRGT1-­‐13	   GT-­‐13	   9.30E+01	   2.49E+01	   4.40E-­‐01	   3.77E+02	   -­‐3.74E-­‐01	  
BNRGT1-­‐14	   GT-­‐14	   1.53E+02	   2.36E+01	   5.49E-­‐01	   2.91E+02	   -­‐2.41E-­‐01	  
BNRGT1-­‐15	   GT-­‐15	   2.79E+03	   2.80E+01	   1.75E+00	   3.81E+02	   4.09E+01	  
BNRGT1-­‐16	   GT-­‐16	   6.28E+03	   3.57E+01	   2.23E+00	   4.53E+02	   2.17E+01	  
BNRGT1-­‐17	   GT-­‐17	   1.07E+02	   2.67E+01	   2.45E-­‐01	   6.52E+02	   -­‐5.28E+00	  
BNRGT1-­‐18	   GT-­‐18	   9.85E+01	   2.66E+01	   2.65E-­‐01	   8.21E+02	   3.96E+00	  
BNRGT1-­‐19	   GT-­‐19	   8.25E+01	   2.29E+01	   3.18E-­‐01	   5.88E+02	   3.15E+00	  
BNRGT1-­‐20	   GT-­‐20	   5.43E+01	   2.53E+01	   2.18E-­‐01	   7.73E+02	   -­‐4.44E+00	  
BNRGT1-­‐21	   GT-­‐21	   9.47E+01	   2.35E+01	   2.65E-­‐01	   4.56E+02	   -­‐3.18E-­‐03	  
BNRGT1-­‐22	   GT-­‐22	   1.09E+02	   2.38E+01	   2.98E-­‐01	   5.00E+02	   1.93E+01	  
BNRGT1-­‐23	   GT-­‐23	   1.50E+02	   2.38E+01	   4.23E-­‐01	   3.59E+02	   1.90E+00	  
BNRGT1-­‐24	   GT-­‐24	   1.06E+02	   2.22E+01	   5.38E-­‐01	   3.79E+02	   -­‐2.41E+00	  
BNRGT1-­‐25	   GT-­‐25	   1.10E+02	   2.30E+01	   8.58E-­‐01	   3.23E+02	   1.26E+01	  
BNRGT1-­‐26	   GT-­‐26	   3.84E+02	   3.07E+01	   8.70E-­‐01	   4.07E+02	   -­‐2.31E+00	  
BNRGT1-­‐27	   GT-­‐27	   6.31E+01	   2.20E+01	   5.36E-­‐01	   2.96E+02	   -­‐1.45E+00	  
BNRGT1-­‐28	   GT-­‐28	   5.59E+01	   2.54E+01	   3.60E-­‐01	   4.09E+02	   3.77E-­‐01	  
BNRGT1-­‐29	   GT-­‐29	   5.69E+01	   2.25E+01	   3.26E-­‐01	   2.42E+02	   3.59E+00	  
BNRGT1-­‐30	   GT-­‐30	   1.07E+02	   2.10E+01	   1.26E+00	   2.78E+02	   -­‐1.62E+00	  
BNRGT1-­‐31	   GT-­‐31	   2.49E+02	   2.51E+01	   1.39E+00	   4.09E+02	   9.58E+00	  
BNRGT1-­‐32	   GT-­‐32	   3.34E+02	   2.65E+01	   1.77E+00	   4.99E+02	   2.75E+00	  
BNRGT1-­‐33	   GT-­‐33	   6.69E+01	   2.54E+01	   1.47E+00	   3.78E+02	   -­‐7.81E-­‐01	  
BNRGT1-­‐34	   GT-­‐34	   5.09E+01	   2.37E+01	   7.24E+00	   4.70E+02	   3.46E+02	  
BNRGT1-­‐35	   GT-­‐35	   5.11E+01	   2.22E+01	   4.68E+00	   3.07E+02	   1.41E+02	  
BNRGT1-­‐36	   GT-­‐36	   6.88E+01	   2.31E+01	   1.23E+00	   2.56E+02	   3.39E+01	  
BNRGT1-­‐37	   GT-­‐37	   7.33E+01	   2.48E+01	   5.27E-­‐01	   3.02E+02	   -­‐2.06E+00	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Flags: 
*	  Denotes samples where the d56Fe of the oxalate-EDTA blank was assumed to be 
nearly crustal value, but was not measured.  
** Denotes samples where analytical error from isotopic analysis was >0.1‰. These data 
are not represented in figures, but are listed here for completeness.  
 
 
 
 
 
 
